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Abstract 
Sedimentary archives contain rich climate signals from the Earth’s past. These signals are 
preserved and encrypted in different properties of sedimentary deposits, and can be proxies for 
local and regional climate characteristics. The objectives of this dissertation research are to 
explore new ways and methods of extracting and interpreting these climatic signals that are 
preserved in sedimentary archives. Sample sets analyzed in these studies were collected from 
scientific drill cores recovered from Lake Bosumtwi, Ghana, as part of a drilling campaign 
supported by the U.S. National Science Foundation and the International Continental Scientific 
Drilling Program. 
Laminations in sedimentary profiles can represent not only seasonal variability and 
longer rhythms, but their properties such as thickness and color can also be proxies for 
environmental and depositional processes. However, identification and measurement of abundant 
laminae in sedimentary records have been manual processes that were extremely labor intensive, 
subjective, and error-prone. The first part of this dissertation project is to develop a new method 
that can automatically identify and measure laminae and their properties using sedimentary core 
images. A software system named LA-2D was developed for this objective and is comprised of 
four major components: 1) image enhancement that includes noise reduction and contrast 
enhancement to improve the signal-to-noise ratio; 2) identification of 1-D laminae; 3) lamina 
connectivity analyses of the 1-D laminae to obtain a lamina stratigraphy; and 4) extraction and 
retrieval of the primary and derived lamination stratigraphic data. Sediment core images from 
Lake Hitchcock and Lake Bosumtwi were used for algorithm development and testing. Our 
experiments show a complete match between laminae produced by the software and manual 
 
 
process for images from Lake Hitchcock, and an insignificant discrepancy in the number of 
laminae identified by the software and determined manually. Results also revealed that over 90% 
of mismatches were less than one pixel, between the software and the manual method for the 
experimental images from Lake Bosumtwi. A partial result of this work was published in 
Computers and Geoscience (Gan and Scholz, 2013). 
The second chapter of my research is to extract climatic signals from clastic grain size 
distribution data. This research included a complete cycle of grain size analyses starting from 
sample collection from sedimentary core archives, sample preparation, sample analysis, and data 
processing and interpretation. A partial result of this research was published in the Journal of 
Sedimentary Research (Gan and Scholz, 2017). This study presents a new nonparametric method 
called the skew normal distribution deconvolution (SNDD) that parses a sample GSD into one or 
more component subpopulations, each of which can be fully quantified by a parameter set 
(𝐶𝑖 , ξ𝑖 , 𝜔𝑖
2, α 𝑖) of a skewed normal distribution (SND). A key advance of this method is that each 
SND has a set of rich statistical parameters (different mean and median, characteristic skewness 
and kurtosis) that can be used to characterize sediments and depositional environments. 
Application of this method to 530 samples from Lake Bosumtwi reveals seven disjointed 
subpopulation groups in the mean grain size distribution (MGSD) field, and each of their volume 
frequencies can be fit to a normal distribution. There is one dominant subpopulation with the 
median grain size of 11.8 µm, and six minor subpopulations with median grain sizes of 0.86 µm, 
7.61 µm, 24.4 µm, 60.1 µm, 129.8 µm, and 439.6 µm. They provide indications that seven 
discrete depositional processes and/or environments may be responsible for depositing these 
clastic grains over 94,500 years of deposition in Lake Bosumtwi. 
 
 
 The third chapter of this dissertation measures, analyzes and interprets temporal and 
thickness data of lake turbidites observed in scientific drill cores from Lake Bosumtwi, in 
conjunction with carbon and nitrogen data from organic matter of bulk sediments to assess their 
climatic implications. A total of 315 layers of flood-induced turbidites (hyperpycnites) were 
identified in drill cores covering the past 70,000 years. Their temporal distribution and thickness 
reveal eleven major millennial-scale alternations of humid and arid climate. Rhythmic analysis 
of unevenly spaced time series indicates that distribution of turbidites has a cyclicity of ~13,500 
years with Lomb-Scargle significance above 0.5 for their thickness distribution and 0.05 for their 
occurrence frequencies in 100 year bins. This periodicity is not similar to any previously 
identified cyclic modulation of global climate variation. Accordingly, it could be a unique aspect 
of low-latitude West African climate that was impacted by both hemispheres. Total organic 
carbon (TOC) and total nitrogen (TN) composition of bulk sediments, and δ13C composition of 
organic matter were measured and examined at different scales and resolutions.  Anomalously 
low TOC and TN were observed over two intervals: a mega-drought event between 74.4 ka and 
68.4 ka (TOC ranged 0.39% to 0.46%), and an arid period from 51.9 ka to 47.6 ka (TOC = 2.3% 
to 2.78%).  TOC, δ13C, and C/N values consistently suggested a long, arid climate from 100.0 ka 
to around 79.2 ka, during which o.m. were clearly of lacustrine origin. TOC, TN, mean grain size 
and C/N values showed distinct signatures of mega-drought events from 74.4 ka to 68.4 ka. This 
is also consistent with the dust index of the Sahara Desert observed in the Ionian Sea. These 
proxies also showed that the sediment o.m. may have mainly been a mix of C3 and C4 plants of 
terrestrial origin, with some lacustrine o.m. deposited between mega-drought and Younger Dryas 
intervals, which implied a frequent alternation of arid and humid climate in this period.  
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Preface  
The global climate in the past has its imprints in various proxy artifacts, glaciers and 
sediment archives were two most important proxy materials. Ice core drilling project in the polar 
areas has established climate profiles in the polar areas and has been the de facto reference of 
global climate since the middle Pleistocene. The past climate in the tropical area, however, was 
relatively less understood. Lake Bosumtwi of Ghana is a meteorite impact lake located at latitude 
6°30’ N and longitude 1°25’ W. It has been a perfect candidate for study the past climate in the 
tropical Africa because it is hydrologically closed that makes the lake water level and 
sedimentary deposition consistently sensitive to its local climate, and its sediments have 
remained undisturbed since its deposition. In 2004 the International Continental Scientific 
Drilling Program retrieved 2.2 km core materials from Lake Bosumtwi, researchers have used 
these materials to extract proxy signals for understanding paeleo-climate in the tropical Africa as 
well as its linkage to the global settings. This dissertation project is designed to explore new 
methods and techniques for extracting and interpreting climatic signals from sediment archive, 
and to further document climate variations in the tropical African in the past 100,000 years. 
This dissertation consists of three chapters: 
Chapter 1 presents a new automated method to identify and retrieve lamina dataset from 
sediment surface images in a batch mode. This chapter was published as:  
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Gan, S.Q. and Scholz, C.A., 2013. Extracting paleoclimate signals from sediment 
laminae: An automated 2-D image processing method. Computers & geosciences, 52, 
p.345-355. 
Chapter 2 explores a new way to process the grain size distribution data into one or more 
process-genetic subpopulations each of which is presented by a skew normal distribution 
function. I collected and analyzed 530 grain size samples from the Core 5C of Lake Bosumtwi, 
and developed a software toolset to process these data. The major component of this toolset is 
skew normal distribution deconvolution which partitions a grain size distribution data to a set of 
skew normal distribution functions. Each skew normal distribution function presents a genetic 
process or processes that produced the described subpopulation. This chapter was published as:  
Gan, S.Q. and Scholz, C.A., 2017. Skew Normal Distribution Deconvolution of 
Grain-size Distribution and Its Application to 530 Samples from Lake Bosumtwi, 
Ghana. Journal of Sedimentary Research, 87(11), p.1214-1225. 
 
Chapter 3 interprets distribution of 315 lake-turbidite layers identified in the sediment 
cores from Lake Bosumtwi of Ghana, seeks their plausible responses and linkages to climate 
changes in both southern and northern hemispheres. Upsection distribution of these lake 
turbidites shows eleven millennial-scale alternations of clustering and hiatuses: hiatuses were 
indications of arid climate during which flood-events were absent, and clusters of turbidites were 
indications of humid climate during which flood-events were frequent. Furthermore, magnitude 
and frequency of turbidite distribution could indicate strength of flood events and wetness of 
humid climate. Geochemical data of carbon and nitrogen were also used as additional proxy data 
for local climate. One major conclusion of this study is that climate of Lake Bosumtwi had 
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different responses to the climate changes in the north Atlantic region, it could be results of 
interaction between the hemisphere and previously existed climate.  
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Chapter 1. Extracting paleoclimate signals from sediment laminae:  An automated 2-D 
image processing method                                         
Abstract 
 Lake sediments commonly contain laminations and the occurrence and quantitative 
attributes of these microstrata contain signals of their depositional environment, limnological 
conditions, and past climate. However, the identification and measurement of laminae and their 
attributes remains a largely semi-manual process that is tedious, labor intensive, but subject to 
human error. Here, we present a method to automatically measure and accurately extract lamina 
properties from sediment core images. This method is comprised of four major components: 1) 
image enhancement that includes noise reduction and contrast enhancement to improve signal-
to-background ratio and resolution of laminae; 2) identification of 1-D laminae for a user-chosen 
area in an image; 3) laminae connectivity analyses on the 1-D laminae to obtain a lamina 
stratigraphy; and 4) extraction and retrieval of the primary and derived lamination stratigraphic 
data. Sediment core images from Lake Hitchcock and Lake Bosumtwi were used for algorithm 
development and testing. Our experiments show a complete match between laminae produced by 
the software and manual process for images from Lake Hitchcock. Quantitative comparisons 
reveal an insignificant discrepancy in the number of laminae identified automatically by the 
software and manually by researchers, and in over 90% of the cases the position mismatch of 
individual laminae is less than one pixel between the software and the manual method for the 
experimental images from Lake Bosumtwi.  
 
Keywords: 2-D laminae, image processing, best fit algorithm, sediment core images. 
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Introduction 
 Sediment laminations are primary sedimentary features that preserve records of 
deposition of sub-annual, annual, and multi-year events.  The nature of sediment laminations 
provides information for reconstruction of depositional and climatic histories on annual, decadal, 
centennial, and  millennial time scales (Alley et al., 1999; Breckenridge, 2007; Desprat et al., 
2009; Hofmann et al., 2003; Lamoureux et al., 2001; Nederbragt and Thurow, 2001; Sander et 
al., 2002; Tiljander, 2005; Von Rad et al., 2006).  Although laminae may form by a variety of 
mechanisms that produce different physical (e.g., grain size) and/or chemical attributes (e.g., 
mineralogy and/or organic content) (Anderson, 1964; Kemp, 1996), they share a common visual 
characteristic - the alternation of light and dark bands. This characteristic is used to define 
laminae and their thicknesses from digital images.  
 Sediment lamination studies have a long history (Anderson 1964),  but the identification 
and measurement of lamina attributes remains primarily a manual or semi-manual process due to 
the lack of effective automated processing tools (Francus et al. 2002; Francus and Nobert 2010; 
Meyer et al. 2006; Oksanen et al. 2002; Rupf and Radons 2004; Weber 2010). Inevitably, 
manual or semi-manual data acquisition is subjective and error-prone (Zolitschka 1998), and the 
tedious and labor intensive nature of manual lamina counting and thickness measurement limits 
the application of these approaches to relatively short depositional records. The development of 
an automated technique has particular application to analyses of long cores such as those 
currently acquired in many new scientific drilling programs. 
 In the last two decades, researchers and software developers have attempted to develop 
software tools that could permit the efficient and accurate processing of images of laminated 
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sediment profiles (Francus et al. 2002; Francus and Nobert 2010; Katsuta et al. 2003; Meyer et 
al. 2006; Rupf and Radons 2004; Weber 2010; Weber et al. 2011). Francus et al. (2002) 
developed an algorithm to aid in varve counting and measurement from thin-sections. Rupf and 
Radons (2004) described four automated approaches for the detection of lamina based on 1-D 
grey-scale vectors. Meyer et al. (2006) describe a commercial software package (WinGeol) that 
allows for interactive interpretation and measurement of laminae in 1-D profiles. These 
approaches share a common shortcoming – they process 1-D image data which are inherently 
noise-prone and subjected to local bias. Katsuta et al. (2003) describe a 2-D method of image 
processing for retrieving lamination data. As pointed out by Rupf and Radons (2004), the 
Katsuta algorithm was promising, but quality of the input image has to be excellent, which 
prevents the application of their method to most laminated sediment records. Weber (2010, 
2011) developed tools for automated laminae recognition and counting, and used these tools to 
process glacial varves from Antarctic marine sediments. This tool set is developed under MS 
Excel/VBA, which has inherent limitations. 
 Here, we present a true 2-D batch method and software named “LA-2D” that identifies 
and measures laminations in digital images. The LA-2D program includes four major 
components:  1) an image enhancement component that implements a multi-pass moving average 
filter for noise reduction, and a sectional contrast enhancement for improving the signal to noise 
ratio in the vertical direction; 2)  identification and measurement of 1-D laminae that implements 
an optimal fit algorithm to identify 1-D laminae and their boundaries; 3) 2-D lamina connectivity 
analyses which include image blob analyses and lamina connectivity analyses to obtain the best 
representative lamina stratigraphy; and 4) a data extraction and retrieval component that is able 
to retrieve and disseminate various datasets of lamina stratigraphy. 
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General characteristics of digital imagery of sediment cores 
Digital images of sediment cores are widely available and used for reconstruction of 
depositional environments, past limnological conditions, and climate history.  In this study, we 
use sediment core images from two lakes for our algorithm development and software testing: 
Lake Hitchcock in Massachusetts, USA, and Lake Bosumtwi in Ghana. These two image sets 
were chosen because they represent end members of laminated sediment core image quality and 
characteristics. Each image from Lake Hitchcock was acquired from two-foot long sediment core 
sections, and laminae are typical lake varves (Ridge, 2008a). The visual characteristics of these 
images are relatively uniform across the width of each core section; laminae boundaries are 
parallel in the horizontal direction, and the thicknesses of individual lamina ranges from several 
millimeters to tens of centimeters. Color contrasts between dark and light laminae are obvious 
and distinct (Figure 1). Dark laminae, usually >90% clay, are visually homogeneous products of 
winter deposition. Light laminae, typically a series of micrograded units of mostly silt with 
minor amounts of fine sand and clay, consist of several secondary laminae that accumulated 
during multiple summer depositional events (Ridge, 2008a). The transitions from winter to 
summer laminae are sharp, but transitions from summer to winter laminae are often gradual 
(Ridge, 2008b).  The major challenges in processing these images are to distinguish laminae that 
are formed by multiple summer depositional events from those that are the semi-annual 
depositions, and to accurately identify lamina boundaries between summer and winter deposits 
which are often gradual. 
Sediment core images from Lake Bosumtwi (Figure 2) are more complicated than those 
from Lake Hitchcock. A full-length sediment core section is 1.5 meters long and represents about 
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3,700 years/meter of deposition on average based on radiometric ages (Koeberl et al. 2005; 
Shanahan et al, 2012). These images were acquired by a line scan camera with resolutions of 
either 10 pixels/mm or 20 pixels/mm. Visual properties and features of laminations are often 
variable within an image. Colors may vary from very bright to very dark, and contrasts between 
dark and light laminae range from faint to very distinct in the same image (Figure 2). These 
features impose a challenge for using a threshold value for lamina identification: if a threshold 
value is too small, it may lead to extra laminae which could be internal variations within a 
lamina; if a threshold value is too large, it may result in missing many subtle laminae. 
Meanwhile, lamina thicknesses are highly variable from one (equivalent to 0.05 or 0.1 
millimeters) to tens of pixels (several millimeters) within individual images, and lamina 
boundaries are rarely straight or sharp. These characteristics require algorithms of image 
enhancement to be applicable and yet effective to a large spectrum of lamina thickness and 
boundary conditions. 
Both image sets, however, share essential elements of laminated sediment profiles. The 
most obvious yet the most essential feature is their dimensionality. In the horizontal direction 
(for illustration convenience, we use y-axis for the horizontal direction and x-axis for vertical 
direction in all figures except Figure 10), the dominant feature is that individual laminae may 
extend entirely or partially across the image. Variances in color or irregular lamina boundaries 
are predominantly a consequence of local biases and noise. In contrast, alternating dark and light 
laminae are the expected pattern in the vertical direction, and thicknesses of these laminae may 
vary due to variations of depositional rates or changes in depositional environment. These 
characteristics have several crucial implications for lamina analyses and data interpretation: 1) 
algorithms and processes for laminae analyses must be direction sensitive, i.e., each direction 
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must be treated independently; 2) localized data variances do not contain significant information 
for sedimentary environment reconstruction in the horizontal direction; 3) sedimentary signals 
are the dominant contributors of data variance in the vertical direction; 4) a moving average filter 
must be sensitive to lamina thickness, otherwise it can lead to serious signal loss and data 
distortion in the vertical direction.  
Image enhancement 
The quality of photographic digital images of sediment cores is often far from ideal for 
lamination analyses. Effective image enhancement will help us to extract useful information by 
reducing noise and local biases, improving lamina resolution and signal to noise ratio, and 
normalizing primary color values. LA-2D includes sectional contrast enhancement and multi-
pass moving average filters in its image enhancement routines.  
An algorithm for the sectional contrast enhancement 
Contrast is the difference in visual properties that makes part of an image distinguishable 
from another part. In lamina imagery analyses, it is the contrast between adjacent bands that 
defines laminae in a sediment core image. The contrast of sediment core images can be very 
distinct or ambiguously faint in different parts of the same image. In the LA-2D, “sectional 
contrast enhancement” (SCE) is specifically designed to serve the purpose of contrast 
enhancement in the vertical direction.  The objective is to maximize grayscale resolution in the 
vertical direction and normalize grayscale values throughout the part of the image of interest. 
The SCE algorithm is a special local contrast enhancement for lamina analyses. Its 
central focus is a special way to define local regions – it uses 2-D laminae to divide an image 
area of interest to appropriate sections (regions). Algorithms for obtaining 2-D laminae will be 
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described in detail in the later sections. Here, the SCE algorithm requires only a few laminae that 
extend through the entire image of interest in the horizontal direction – such laminae are termed 
“complete” laminae. Each appropriate section must be bounded by appropriate complete laminae 
at both ends and have a proper length. An appropriate complete lamina is a lamina that will 
define a proper length for a section. A proper length means that each section must be large 
enough to define outliers, but small enough to allow effective scaling of grayscale values. The 
current version of SCE uses a user defined minimum length to ensure that each section is 
sufficiently large, but determines the actual length of each section by the first complete 2-D 
lamina beyond the minimum length from the start point of the section. 
The last step of SCE is to exclude outliers and scale grayscale values to their full range 
values (0 – 255) for each section. Here, outliers for each section are defined by percentage, i. e., 
the minimal and maximal percentages of grayscale values will be excluded from grayscale 
scaling but are set to 0 and 255, respectively. Our experiment indicates that 3% outliers are 
sensible values for an effective SCE (Figure 3).  
Noise reduction 
The moving average is the most common filter for random noise reduction in digital 
signal processing. As the matter of a fact, the moving average filter is optimal for reducing 
random noise while retaining a sharp step response (Smith, 1997). A multi-pass moving average 
(MPMA) filter augments advantages of the moving average filter with more filter options.  As 
noted by Smith (1997), a single pass of a multi-pass moving average filter is a bandstop filter, a 
2-pass filter is identical to a triangle filter, and filters with the number of passes greater than 4 
will converge to Gaussian-like filters. Therefore, a combination of the kernel width and the 
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number of passes determines the behavior of an MPMA i. e., the number of passes determines 
the type of the filter and the kernel width determines the number of data points contributing the 
filtering process for each data point. 
Software implementation of an MPMV is straightforward.  LA-2D uses two parameters 
to define an MPMV: one defines the kernel width, and another specifies the number of passes. 
This implementation gives users natural flexibility to adjust a filter for serving different 
purposes. The LA-2D uses MPMV filters for different objectives in the horizontal and in the 
vertical directions. In the horizontal direction, the objective of MPMA filtering is to reduce local 
biases and noise. In general, a wider filter kernel and/or more passes will lead to better noise 
reduction. It will also reduce variation amplitudes of grayscale curves (Figure 4, 5), and may 
have a serious side-effect on lamina boundaries resulting in lamina boundaries more transitional 
and harder to define accurately if lamina boundaries are not strictly parallel in the horizontal 
direction. In the vertical direction, the major objectives of an MPMA filter are to improve 
signal/background ratio for laminae and to smooth lamina internal variations in grayscale values. 
Parameter selections for MPMA filters are vitally important to the result of lamina 
analyses. Different parameters will lead to distinct lamina profiles for the same image (Figure 6). 
As a general guide, the kernel width of a vertical MPMV filter should be smaller than minimal 
thickness of lamina couplets (a lamina couplet refers to a pair of adjacent dark and light laminae) 
in the image. Selection for the kernel width and the number of passes can be more generous for 
an image with parallel and homogenous laminae features. For example, our experiments use 
parameters (15, 3), i. e., kernel width = 15 and number of passes = 3, for the horizontal MPMV 
filter and (9, 3) for the vertical MPMV filter to get the most satisfactory lamina profile (Figure 7) 
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for sediment core images from Lake Hitchcock. But we have to use narrower filter kernels and a 
smaller number of passes for images from Lake Bosumtwi. A combination of parameters (3, 2) 
and (2, 1) for the horizontal and vertical MPMV filters produces a lamina profile that is most 
satisfactory for a core 5B-7H-1 (Figure 6, 7). Other combinations of MPMV filters lead to 
lamina profiles that are less satisfactory. As the number of passes or kernel width of vertical 
filters increases, more and more laminae are merged and the results deviates more and more from 
the result of manual processing. In general, we can achieve our desired results by adjusting 
combinations of filter parameters in the horizontal and vertical directions independently. 
However, the current version of LA-2D does not have a built-in intelligence to evaluate the 
quality of resultant lamina profiles, and it relies totally on the user’s expertise to evaluate the 
quality of a lamina profile that it produces.  
1-D algorithm for laminae detection 
Here, the term “1-D laminae” describes laminae that are only 1 pixel wide in the 
horizontal direction; “1-D lamina profile” refers to a stack of 1-D laminae in the vertical 
direction at the same horizontal position. Many researchers have developed and implemented 1-
D algorithms in computer-aided lamination studies  (Francus et al., 2004; Francus and Nobert, 
2010; Meyer et al., 2006; Rupf and Radons, 2004; Weber, 2010). In the LA-2D, 1-D laminae are 
the basic units for 2-D lamina analyses. Therefore, developing a sound algorithm for 1-D lamina 
identification is one of the central objectives in the LA-2D development. LA-2D assumes that 
the color primary (RGB) values can distinctively describe lamina features, and their derived 
grayscale values are sufficient for 1-D lamina identification. LA-2D adopts the formula 
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recommended by the International Telecommunication Union – Radio Communication Sector to 
calculate grayscale values (ITU-R., 2002). 
 A grayscale curve of a laminated sediment core image shows an alternating pattern of 
peaks and valleys that represents bright and dark bands (Figure 8). LA-2D uses a mathematic 
term “extreme point” to describe the local highest points in the peaks or the local lowest points in 
the valleys on a grayscale curve. For the purpose of 1-D lamina identification, these extreme 
points are characteristically important because LA-2D uses them as the key for laminae 
identification. The first part of 1-D lamina identification is a rule-based algorithm to qualify 
extreme points: an extreme point is a marker of a lamina if and only if its grayscale value is 
different from extreme points on both sides above a threshold value.  
The second part of 1-D lamina identification is to find precise boundaries between 
adjacent laminae. This is critically important for lamina analyses because boundary positions 
determine the thickness of laminae. One option is to choose the middle point as the boundary 
between two extreme points (Meyer et al., 2006). This approach is over-simplified, and it only 
works for some rare cases where adjacent laminae have the same thickness and both extreme 
points are the middle points of laminae. Otherwise, it will lead to discrepancies between the real 
thickness and artificially-defined thickness of laminae. LA-2D introduces the “best fit” algorithm 
that computes an optimal boundary position between adjacent laminae. This algorithm is a 
hybrid of a mathematical model with add-on rule-based constraints. First, it introduces a concept 
of “degree of fit” which is measured by the area between a grayscale value curve and a lamina 
curve (Figure 9). The smaller area means a better or higher degree of fit between a lamina and its 
grayscale curves. Naturally, the “best fit” is the minimum area between these two curves. The 
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point on the grayscale curve that yields the best fit laminae will be the optimal boundary position 
between two adjacent laminae. However, if a summer (light) lamina contains multiple sub-
laminae with grayscale values closed to the winter lamina, the computed boundary might not be 
located between the last summer depositional event and the subsequent winter deposition. 
Fortunately, a real lamina boundary shall always be a point between the last summer depositional 
event and the subsequent winter deposition. LA-2D translates this fact to a rule-based constraint, 
and adds it to the algorithm to ensure precision of an optimal boundary calculation between two 
adjacent laminae, i. e., if a summer (light) lamina contains multiple sub-laminae, an optimal 
lamina boundary must lie between the last light sub-lamina and dark lamina. It is worth noting 
that adding this rule will not affect results if the summer laminae are single-layered laminae. 
What makes this algorithm superior to other algorithms is that it uses a quantitative method to 
calculate optimal lamina boundaries that are finitely deterministic and best match their grayscale 
curves. 
Lamina connectivity analyses and 2-D algorithms  
A 2-D lamina is an array of connected 1-D laminae in the horizontal direction. Our 1-D 
algorithm and its implementation are robust and able to produce optimal1-D lamina images.  
Despite reduction of a considerable amount of local biases and noise through image 
enhancement routines, 1-D lamina profiles can be significantly different at different horizontal 
positions (Figure 7). Thus, 1-D lamina profiles are marginally useful without further processing. 
The purpose of 2-D lamina analysis is to analyze 1-D laminae, reduce and remove noises in 1-D 
lamina images, and produce a representative 2-D lamina profile for a processed image. 
In a 1-D lamina image, individual dark and light laminae may extend through the image 
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in the horizontal direction, but many of them are commonly intertwined and form isolated 
“blobs” (Figure 7). These blobs can be either real laminae or local noise. LA-2D uses image blob 
analysis and lamina connectivity analysis to differentiate them and remove local noises. The 
image blob analysis technique analyzes individual laminae at the pixel level and removes noise; 
lamina connectivity analysis examines relationships among laminae in a 1-D lamina image and 
differentiates noise blobs from real lamina blobs. The algorithm for image blob analysis used in 
LA-2D is modified from an algorithm of fingerprint processing (Smith, 1999). The core of this 
algorithm includes two basic pixel operations and two symmetric processes as described below 
(Figure 10). 
 Dilation operation: changes a white pixel to a black pixel if and only if its 
neighboring pixel is a black pixel in the horizontal direction; 
 Erosion operation: flips a black pixel to a white pixel if and only if its neighboring 
pixel is a white pixel in the horizontal direction.  
 Open process: performs an erosion operation followed by a dilation operation that 
merges isolated black blobs that consist of 1 or 2 pixels to their white background 
in the horizontal direction.  
 Close process:  a process that performs a dilation operation followed by an 
erosion operation that merges isolated white blobs that consist of 1 or 2 pixels to 
their black background in the horizontal direction.  
To analyze image blobs that are more than 2 pixels wide, the algorithm extends the above basic 
operations to multiple pixels by flipping multiple pixels to their opposite color in each operation.  
There are several complications associated with implementation of the above algorithm. 
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Edge blobs must be handled differently because they have only one side adjacency. The open 
and close processes must be applied alternately and in pairs so that the same size of different 
color blobs are removed at any iteration. If multi-pixel open and close processes are applied, the 
number of pixels must increase by one sequentially. In our implementation, a parameter is 
dedicated to control the number of open and close processes applied, but the sequence of 
operations is programmed internally to ensure that open and close processes are applied in pairs, 
and the number of pixels for multi-pixel operations increases by one in each iteration. It is 
interesting to note that we can remove all isolated blobs with a sufficient number of iterations so 
that all 2-D laminae will extend throughout the processed portion of image. In the following 
equation, let w be the width of image to be processed, p be the number of iterations: 
 if p2 >= w/4, then all isolated blobs will be removed so that all blobs will be complete 
laminae in the processed part of image; 
 if p2 < w/4, then there will be partially connected blobs. 
The lamina connectivity analysis examines the relationships of individual 1-D laminae 
between adjacent 1-D lamina profiles, determines whether adjacent 1-D laminae shall be 
connected, and obtains the final lamina profile for a studied image. This method uses a rule-
based algorithm that is comprised of five possible relationships and their corresponding rules to 
determine how two adjacent 1-D laminae should be connected (Figure 11). Based on these rules, 
each 1-D lamina is assigned to one 2-D lamina that is represented by an array of 1-D laminae. 
Thus, each array stores a certain number of laminae ranging from 1 up to the number of 1-D 
profiles that are connected in the horizontal direction. If such an array contains enough 1-D 
laminae, it implies these connected 1-D laminae most likely represent a real 2-D lamina. In this 
version of LA-2D, an array is considered to represent a real 2-D lamina if it contains more than a 
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half of the 1-D laminae (which is the number of pixels in the horizontal direction); otherwise, it 
is considered local noise. 
Results and Discussions 
The major objective of our lamination analyses is to obtain representative 2-D lamina 
profiles for sediment core images that may contain signals of their depositional environment, 
limnological conditions, and past climate. In the software implementation, LA-2D uses an array 
of 1-D laminae to store information of a 2-D lamina profile. It stores only the primary data that 
are required and sufficient to define those laminae, and other datasets are computed from the 
primary dataset on demand. The primary data of a 1-D lamina are their type (dark or light), 
coordinates and grayscale values of their starting, ending and extreme points, and average RGB 
values of individual pixels in the vertical direction. Other lamina attributes can be retrieved from 
these primary data, e. g., thicknesses of individual laminae that are computed from coordinates of 
starting and ending points, the 2-D laminae count which is the size of 2-D laminae, and 
lamination rates per time or depth unit that can be easily derived if age and depth data are 
available (Figure 12). Table 1 contains a sample of output dataset. 
The current version of LA-2D reads its input parameters from an input file, and output 
options from the command line parameters. Each line in the input file contains the following 
parameters to process one image file: 
 Image file name: image files must be in the bmp format and it must rotate 90 degrees 
counterclockwise from its physical position for sediment core images. 
Page | 15 
 
 An area to be processed in the image file: it must be a rectangle area which is 
specified by its beginning coordinates (x, y values in pixels), width and height in 
pixels. LA-2D will verify coordinates against the image boundary. If the specified 
area is out of bounds, LA-2D will set them to the size of the image. 
 MPMV filter parameters: kernel width and the number of passes for vertical and 
horizontal directions. 
 Contrast threshold: this is the value to determine whether an extreme point is 
qualified to represent a lamina. 
 Minimum length of sections for SCE: it is used to obtain section boundaries in the 
SCE. 
A user can use an input file to process many images with different parameters in a batch run. 
Furthermore, a user can ask the LA-2D to process different areas of the same image file with 
different parameters.  
As a demonstration of software usage, we processed a set of sediment core images from 
Lake Hitchcock and from the uppermost 50 meters (representing the past ~104 ky) from Lake 
Bosumtwi in batch mode. For images from Lake Hitchcock, laminae are totally matched both in 
the number of laminae and boundaries of each lamina between LA-2D and manual processing 
(Figure 7). The original images, input parameter files and their results can be found at 
http://github.com/ganscholz/LA-2D/examples. For images from Lake Bosumtwi, discrepancies 
exist in the numbers of laminae, and/or positions of each lamina between the LA-2D automated 
and manual processing by researchers. To quantify these discrepancies, we chose a section of 
7H-1 image that has well preserved laminae for comparison between results of the LA-2D and 
three researchers. In this section, LA-2D identifies 583 laminae comparing to 581 laminae 
Page | 16 
 
identified by three researchers. The original image of 5B-7H-1, input file used and output data 
can be found at http://github.com/ganscholz/LA-2D/examples. . However the hit ratio on 
individual laminae between the LA-2D and researchers is only 96%, i. e., 2% of laminae are 
identified by LA-2D but not by any researcher, and 2% of laminae are identified by one of 
researchers but missed by the LA-2D. Results also reveal that the best hit ratio is 97% between 
the LA-2D and researcher A; the best hit ratio among researchers is 98%, the worst hit ratio 
among researchers is 89% (Figure 13). These results are comparable to 6% manual subjective 
discrepancies among researchers in lamina identification process (Zolitschka, 1998). 
Furthermore, 90% of laminae have their position discrepancies of less than one pixel between the 
LA-2D and researchers (Figure 14). 
One shortcoming for this method is that LA-2D does not have any intelligence to 
evaluate its results. Users must use their own expertise to evaluate their results and adjust input 
parameters to produce satisfactory results. This introduces the personal subjectivity of 
researchers to lamina analyses using LA-2D although LA-2D results are totally deterministic, 
verifiable and repeatable by input parameters. 
In the Lake Bosumtwi, it is common that an image contains several different sections 
with distinctly different color and lamina characteristics. The current version of LA-2D does not 
explicitly take different parameters for different sections within an image. Instead, users can 
process different sections with different parameters by processing an image multiple times to 
achieve the same effect as using different parameters for different sections within an image. 
Source codes of LA-2D, examples of input parameter files and images from Lake Hitchcock and 
Lake Bosumtwi are available at http://github.com/stoneygan/LA-2D. 
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Conclusions  
We presented a method and software (LA-2D) for automatic identification and 
measurement of 2-D laminae in sediment core images. Our method includes algorithms of image 
enhancements specifically designed for laminated sediment core images, a “best fit algorithm” 
for 1-D lamina identification, and image blob and lamina connectivity analyses for 2-D lamina 
analyses. LA-2D is flexible for processing laminae as thin as a single image pixel. Our 
experiment achieved 100% match to manual processing both in the number of laminae and 
positions of laminae for sediment core images from Lake Hitchcock. But there are discrepancies 
between LA-2D and researchers’ manual processing in both the number of laminae and positions 
of individual laminae for images from Lake Bosumtwi. Quantified analyses indicate that matches 
between LA-2D and researchers are close to the best match among the researchers, both in the 
number of laminae and positions of laminae. 
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Table 1. Sample output data of 2-D lamina profiles 
 
Lamina 
sequence 
Lamina 
type 
Lamina Position (Pixel) Lamina Depth (mm) Lamina Age (Year) Lamina RGB values 
start End Thickness Start End Thickness Start End Duration Red Green Blue Grayscale 
0 Light 1001 1005 5 18099.75 18100.15 0.40 43441.9 43442.9 0.9 82 103 77 96 
1 Dark 1006 1012 7 18100.25 18100.84 0.60 43443.1 43444.5 1.4 82 82 64 80 
2 Light 1013 1018 6 18100.94 18101.44 0.50 43444.7 43445.9 1.2 92 82 63 82 
3 Dark 1019 1021 3 18101.54 18101.74 0.20 43446.1 43446.6 0.5 96 78 62 80 
4 Light 1022 1025 4 18101.84 18102.14 0.30 43446.8 43447.5 0.7 88 79 62 79 
5 … … … … … … … … … … … … … … 
               
A sample output of a 2-D lamina profile without depth and age information 
0 Dark 13 36 24     
  120 147 116 139 
1 Light 37 89 53     
  119 182 158 166 
2 Dark 90 195 106     
  118 100 65 101 
3 Light 196 208 13     
  119 141 99 133 
4 Dark 209 223 15     
  118 112 73 110 
5 … … … …     
  … … … … 
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Figure Captions 
Figure 3. An original core image and its RGB curves from Lake Hitchcock, Massachusetts, USA. 
The scale is cm. 
Figure 4. An original image and its RGB curves from Lake Bosumtwi, Ghana. This core is 1.5 
meter long, the image resolution is 0.1 mm/pixel.  
Figure 3. A comparison between enhanced and its original grayscale images (5B-7H-1) from 
Lake Bosumtwi. Top: the full core image. Bottom: a close view of one centimeter 
section.  
Figure 4. Grayscale value changes with different kernel widths of multi-pass moving average 
filters in the x-axis (vertical in the physical core) direction. The first number in the legend 
is the kernel width and the second number is the number of passes for multi-pass moving 
average filter in the x-axis (vertical in the physical core) direction; the third number is the 
kernel width, and the fourth number is the number of passes for multi-pass moving 
average filter in y-axis (horizontal in the physical core) direction. The bottom diagram is 
a close view of these curves over x-axis pixel positions 100 to 200.  
Figure 5. Impact of the number of passes of multi-pass moving average filter in x-axis (vertical 
direction in the physical core). Legend is the same as in Figure 3. 
Figure 6. Different parameters of MPMA filters result in different outcomes for image 5B-7H-1 
from Lake Bosumtwi, Ghana. The same y-axis (horizontal direction in the physical core) 
filter with kernel width = 3 pixels and pass = 2 is applied in all cases.  
   I: a grayscale image after applying an x-axis (vertical direction in the physical core) 
MPMA filter with pass = 2, kernel width = 3; II: a lamina profile from image I. 
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  III: a grayscale image after applying an x-axis MPMA filter with pass = 2, kernel width 
= 7; IV: a lamina profile from image III. 
  V: a grayscale image after applying an x-axis MPMA filter with pass = 2, kernel width 
= 11; VI: a lamina profile from image V. 
  VII: a grayscale image after applying an x-axis MPMA filter with pass =5, kernel width 
= 3; VIII: a lamina profile from image VII. 
  IX: a grayscale image after applying an x-axis MPMA filter with pass = 5, kernel width 
= 7; X: a lamina profile from image E. 
  XI: a grayscale image after applying an x-axis MPMA filter with pass = 5, kernel width 
= 11; XII: a lamina profile from image XI. 
Figure 7. A comparison between 1-D lamina image and their 2-D lamina profile after 2-D lamina 
analyses. Top: a 1-D lamina image (upper) and its 2-D lamina profile (lower) of KFD-7-
01 from Lake Hitchcock. Bottom: a 1-D lamina image (upper) and its 2-D lamina profile 
(lower) of a section of 5B-7H-1 from Lake Bosumtwi. 
Figure 8. Relationships among RGB and grayscale curves, a peak curve, and the lamina 
boundary curve (data are from KFD-7-01 from Lake Hitchcock, Massachusetts, USA). 
Figure 9. The best fit algorithm used to define the optimal boundary between adjacent laminae. 
The numbers indicate the adjacent laminae under processing. 
Figure 10. Basic operations and processes of the blob analysis for the 1-D lamina image. A 
dilation operation is to change a white pixel to a black pixel when a white pixel is a 
neighbor to a black pixel in the horizontal direction; an erosion operation is to change a 
black pixel to a white pixel when a black pixel is a neighbor to a white pixel in the 
horizontal direction. 
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Figure 11. Rules used in lamina connection analysis. 
Figure 12. Computed average lamination rates in the last 104 ky in the Lake Bosumtwi, Ghana. 
Figure 13. A comparison of the number of laminae identified by the LA-2D and researchers.  
Figure 14. Cumulative percentage of mismatched laminae between the LA-2D and researchers 
(average discrepancies are rounded to the nearest integer) 
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Supplemental Table 1.1. Experimental Results of LA-2D output and manual process for 
core image of BOS04-5B-7H-1 
LA-2D 
 
Stoney 
 
Xuwei 
 
Jackie 
 
Ave(m*) 
 
diff(m, p†) 
(Pixels) 
diff > 1 
pixels 
Mismatch max(diff‡(m)) 
max(m) 
 
min(m) 
 
10000 10000 10000 10001 10000.3 -0.33   1 10001 10000 
10002 10002 10002  10002.0 0.00   0 10002 10002 
10004 10005 10004 10005 10004.7 -0.67   1 10005 10004 
10008 10008 10008 10008 10008.0 0.00   0 10008 10008 
10011 10011 10012 10011 10011.3 -0.33   1 10012 10011 
10015 10013 10015 10014 10014.0 1.00   2 10015 10013 
10017 10017 10018 10017 10017.3 -0.33   1 10018 10017 
10023 10023 10023 10022 10022.7 0.33   1 10023 10022 
10025 10025 10026 10026 10025.7 -0.67   1 10026 10025 
10028 10029 10028 10029 10028.7 -0.67   1 10029 10028 
10034 10033 10034 10033 10033.3 0.67   1 10034 10033 
10039 10040 10039 10040 10039.7 -0.67   1 10040 10039 
10042 10042 10042 10043 10042.3 -0.33   1 10043 10042 
10044 10045 10043 10045 10044.3 -0.33   2 10045 10043 
10047 10049 10048 10048 10048.3 -1.33 1  1 10049 10048 
10049  10050 10051 10050.5 -1.50 1  1 10051 10050 
10052 10052 10052 10053 10052.3 -0.33   1 10053 10052 
10056 10055 10056 10056 10055.7 0.33   1 10056 10055 
10059 10057 10059 10059 10058.3 0.67   2 10059 10057 
10061  10062 10061 10061.5 -0.50   1 10062 10061 
10065 10064 10065 10064 10064.3 0.67   1 10065 10064 
10070 10069 10070 10068 10069.0 1.00   2 10070 10068 
10076 10071  10071 10071.0 5.00 1  0 10071 10071 
10077 10077  10074 10075.5 1.50 1  3 10077 10074 
10078  10079 10078 10078.5 -0.50   1 10079 10078 
10082 10081 10082 10080 10081.0 1.00   2 10082 10080 
10084 10083 10084 10083 10083.3 0.67   1 10084 10083 
10086 10086 10086 10085 10085.7 0.33   1 10086 10085 
10089 10089 10090 10088 10089.0 0.00   2 10090 10088 
10094 10093 10094 10093 10093.3 0.67   1 10094 10093 
10097 10096 10096 10096 10096.0 1.00   0 10096 10096 
10103 10102 10103 10101 10102.0 1.00   2 10103 10101 
10107 10107 10107 10107 10107.0 0.00   0 10107 10107 
10111 10110 10111 10110 10110.3 0.67   1 10111 10110 
                                                          
* m = manuals.  
† p = program (LA-2D) 
‡ diff = difference function 
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10113 10112 10114 10114 10113.3 -0.33   2 10114 10112 
10115 10115 10116  10115.5 -0.50   1 10116 10115 
10117 10116 10118 10118 10117.3 -0.33   2 10118 10116 
10120 10119 10120 10123 10120.7 -0.67   4 10123 10119 
10124 10125 10124 10125 10124.7 -0.67   1 10125 10124 
 10127 10127 10129 10127.7 
-
10127.67  -1 2 10129 10127 
10131 10130 10131 10130 10130.3 0.67   1 10131 10130 
10133 10132 10133 10132 10132.3 0.67   1 10133 10132 
10136 10135 10136 10135 10135.3 0.67   1 10136 10135 
10139 10138 10140 10138 10138.7 0.33   2 10140 10138 
10142 10141 10143 10139 10141.0 1.00   4 10143 10139 
10145 10145 10146 10144 10145.0 0.00   2 10146 10144 
10149 10149 10150 10149 10149.3 -0.33   1 10150 10149 
10152 10152 10153 10153 10152.7 -0.67   1 10153 10152 
10156 10157 10156 10156 10156.3 -0.33   1 10157 10156 
10162 10163 10162 10162 10162.3 -0.33   1 10163 10162 
10167 10167 10167 10166 10166.7 0.33   1 10167 10166 
10177 10176 10178 10176 10176.7 0.33   2 10178 10176 
10182 10182 10182 10182 10182.0 0.00   0 10182 10182 
10186 10185 10186 10186 10185.7 0.33   1 10186 10185 
10191 10192 10192 10193 10192.3 -1.33 1  1 10193 10192 
10196 10196 10197 10197 10196.7 -0.67   1 10197 10196 
10201 10200 10201 10201 10200.7 0.33   1 10201 10200 
10203 10202 10203 10202 10202.3 0.67   1 10203 10202 
10205 10205 10204 10205 10204.7 0.33   1 10205 10204 
10211 10211 10212 10212 10211.7 -0.67   1 10212 10211 
10214 10214 10215 10215 10214.7 -0.67   1 10215 10214 
10218 10218 10222 10217 10219.0 -1.00   5 10222 10217 
10224 10224 10224 10223 10223.7 0.33   1 10224 10223 
10226 10227 10226 10227 10226.7 -0.67   1 10227 10226 
10229 10230 10228 10230 10229.3 -0.33   2 10230 10228 
10235 10233 10234 10234 10233.7 1.33 1  1 10234 10233 
10237 10237 10236 10237 10236.7 0.33   1 10237 10236 
10239 10239 10239 10241 10239.7 -0.67   2 10241 10239 
10242 10242 10242 10243 10242.3 -0.33   1 10243 10242 
10246 10245 10246 10245 10245.3 0.67   1 10246 10245 
10249 10247 10248 10247 10247.3 1.67   1 10248 10247 
10250 10249 10250 10251 10250.0 0.00   2 10251 10249 
10257 10253 10253  10253.0 4.00   0 10253 10253 
10261 10259 10261 10260 10260.0 1.00   2 10261 10259 
10263 10262 10264 10262 10262.7 0.33   2 10264 10262 
10266 10266 10268 10266 10266.7 -0.67   2 10268 10266 
10270 10270 10270 10269 10269.7 0.33   1 10270 10269 
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10278 10278 10279 10275 10277.3 0.67   4 10279 10275 
10285 10283 10285 10281 10283.0 2.00 1  4 10285 10281 
10289 10287 10289 10288 10288.0 1.00   2 10289 10287 
10293 10292 10292 10291 10291.7 1.33 1  1 10292 10291 
10296 10295 10296 10296 10295.7 0.33   1 10296 10295 
10299 10299 10299 10300 10299.3 -0.33   1 10300 10299 
10302 10303 10303 10304 10303.3 -1.33 1  1 10304 10303 
10305 10308 10305 10305 10306.0 -1.00   3 10308 10305 
10309  10309 10310 10309.5 -0.50   1 10310 10309 
10314 10315 10314 10314 10314.3 -0.33   1 10315 10314 
10317     100.00  1 0 0 0 
10319     100.00  1 0 0 0 
10322 10321 10322 10320 10321.0 1.00   2 10322 10320 
10327   10325 10325.0 2.00   0 10325 10325 
10329 10329 10328 10330 10329.0 0.00   2 10330 10328 
10332     100.00  1 0 0 0 
10337 10336 10337 10337 10336.7 0.33   1 10337 10336 
10343 10342 10342 10341 10341.7 1.33   1 10342 10341 
10350 10349 10350 10350 10349.7 0.33   1 10350 10349 
10354 10354 10354 10354 10354.0 0.00   0 10354 10354 
10359 10357 10360 10358 10358.3 0.67   3 10360 10357 
10362 10361 10362 10361 10361.3 0.67   1 10362 10361 
10367 10366 10368 10366 10366.7 0.33   2 10368 10366 
10370 10370 10370 10370 10370.0 0.00   0 10370 10370 
10374 10374 10376 10376 10375.3 -1.33 1  2 10376 10374 
10379 10379 10379 10378 10378.7 0.33   1 10379 10378 
10384 10383 10384 10383 10383.3 0.67   1 10384 10383 
10388 10387 10388 10386 10387.0 1.00   2 10388 10386 
10395 10394 10397 10397 10395.5 -0.50   3 10397 10394 
10401 10400 10401  10400.5 0.50 1  1 10401 10400 
10405 10405 10406 10404 10405.0 0.00   2 10406 10404 
10409 10408 10408 10408 10408.0 1.00   0 10408 10408 
10411 10411 10411 10412 10411.3 -0.33   1 10412 10411 
10415 10415 10415  10415.0 0.00   0 10415 10415 
10419 10417 10419 10418 10418.0 1.00   2 10419 10417 
10422 10421 10422 10422 10421.7 0.33   1 10422 10421 
10426 10425 10426 10427 10426.0 0.00   2 10427 10425 
10431 10430 10430 10430 10430.0 1.00   0 10430 10430 
10436 10436 10436 10434 10435.3 0.67   2 10436 10434 
10443 10441 10442 10442 10441.5 1.50 1  1 10442 10441 
10446 10444 10445  10444.5 1.50 1  1 10445 10444 
10450 10448 10448 10448 10448.0 2.00 1  0 10448 10448 
10453 10451 10453 10451 10451.7 1.33 1  2 10453 10451 
10456 10454 10455 10454 10454.3 1.67 1  1 10455 10454 
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10459 10457 10460 10459 10458.7 0.33   3 10460 10457 
10461 10461 10461 10462 10461.3 -0.33   1 10462 10461 
10468 10465 10468 10467 10466.7 1.33 1  3 10468 10465 
10470 10470 10469 10473 10470.7 -0.67   4 10473 10469 
10476 10475 10476 10477 10476.0 0.00   2 10477 10475 
10479 10479 10478 10480 10479.0 0.00   2 10480 10478 
10485 10484 10485 10485 10484.7 0.33   1 10485 10484 
10489 10489 10488 10488 10488.3 0.67   1 10489 10488 
10492 10491 10492 10492 10491.7 0.33   1 10492 10491 
10496 10498 10496 10496 10496.7 -0.67   2 10498 10496 
10501 10502 10502 10502 10502.0 -1.00   0 10502 10502 
10505 10506 10506 10505 10505.7 -0.67   1 10506 10505 
10508 10508 10509 10509 10508.7 -0.67   1 10509 10508 
10511 10510 10511  10510.5 0.50   1 10511 10510 
10514 10514 10515 10514 10514.3 -0.33   1 10515 10514 
10517 10517 10517 10517 10517.0 0.00   0 10517 10517 
10520 10519 10520 10520 10519.7 0.33   1 10520 10519 
10523 10523 10524 10523 10523.3 -0.33   1 10524 10523 
10525 10526 10526 10526 10526.0 -1.00   0 10526 10526 
10530 10529 10529 10530 10529.3 0.67   1 10530 10529 
10534 10533 10535 10534 10534.0 0.00   2 10535 10533 
10536 10537 10536 10537 10536.7 -0.67   1 10537 10536 
10539 10540 10540 10540 10540.0 -1.00   0 10540 10540 
10543 10543 10543 10543 10543.0 0.00   0 10543 10543 
10548 10546 10547 10548 10547.0 1.00   2 10548 10546 
10551 10552 10552 10551 10551.7 -0.67   1 10552 10551 
10554 10554 10554 10554 10554.0 0.00   0 10554 10554 
10556 10557 10556  10556.5 -0.50   1 10557 10556 
10558 10559 10559 10559 10559.0 -1.00   0 10559 10559 
10562 10562 10562 10563 10562.3 -0.33   1 10563 10562 
10565 10566 10566 10566 10566.0 -1.00   0 10566 10566 
10569 10569 10569 10568 10568.7 0.33   1 10569 10568 
10572 10571 10572 10572 10571.7 0.33   1 10572 10571 
10575 10575 10574 10574 10574.3 0.67   1 10575 10574 
10579 10578 10579 10579 10578.7 0.33   1 10579 10578 
10584 10581 10584 10584 10583.0 1.00   3 10584 10581 
10588 10587 10588 10588 10587.7 0.33   1 10588 10587 
10591 10591 10591 10591 10591.0 0.00   0 10591 10591 
10594 10594 10594 10596 10594.7 -0.67   2 10596 10594 
10599 10598 10598 10599 10598.3 0.67   1 10599 10598 
10603 10602 10603 10604 10603.0 0.00   2 10604 10602 
10608 10607 10607 10607 10607.0 1.00   0 10607 10607 
10611 10611 10611 10612 10611.3 -0.33   1 10612 10611 
10616 10615 10614 10614 10614.3 1.67   1 10615 10614 
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10619 10618 10619 10620 10619.0 0.00   2 10620 10618 
10623 10621 10622 10623 10622.0 1.00   2 10623 10621 
10628 10627 10628 10629 10628.0 0.00   2 10629 10627 
10635 10635 10635 10636 10635.3 -0.33   1 10636 10635 
10640 10639 10640 10640 10639.7 0.33   1 10640 10639 
10643 10643 10642 10642 10642.3 0.67   1 10643 10642 
10646 10645 10646 10646 10645.7 0.33   1 10646 10645 
10649 10649 10648 10649 10648.7 0.33   1 10649 10648 
10652 10651 10652 10652 10651.7 0.33   1 10652 10651 
10655 10655 10656 10655 10655.3 -0.33   1 10656 10655 
10659 10659 10661 10661 10660.3 -1.33   2 10661 10659 
 10667  10663 10665.0 
-
10665.00  -1 4 10667 10663 
10671  10671 10670 10670.5 0.50   1 10671 10670 
10677 10676 10677 10676 10676.3 0.67   1 10677 10676 
10682 10681 10682 10679 10680.7 1.33   3 10682 10679 
10684 10683 10684 10684 10683.7 0.33   1 10684 10683 
10687 10686 10687 10689 10687.3 -0.33   3 10689 10686 
10690 10689 10690 10691 10690.0 0.00   2 10691 10689 
10693 10693 10692  10692.5 0.50   1 10693 10692 
10697 10696 10698 10697 10697.0 0.00   2 10698 10696 
10700 10701 10700 10700 10700.3 -0.33   1 10701 10700 
10703     100.00  1 0 0 0 
10706 10707  10708 10707.5 -1.50   1 10708 10707 
10709 10711 10710 10710 10710.3 -1.33   1 10711 10710 
10712 10714 10712 10714 10713.3 -1.33   2 10714 10712 
10715  10716 10716 10716.0 -1.00   0 10716 10716 
10719 10718 10718  10718.0 1.00   0 10718 10718 
10724 10723 10724 10723 10723.3 0.67   1 10724 10723 
10728 10728 10728 10726 10727.3 0.67   2 10728 10726 
10732 10731 10732 10731 10731.3 0.67   1 10732 10731 
10739 10739 10738 10738 10738.3 0.67   1 10739 10738 
10748 10747 10748 10750 10748.3 -0.33   3 10750 10747 
10752 10752 10752 10752 10752.0 0.00   0 10752 10752 
10757 10756 10757 10757 10756.7 0.33   1 10757 10756 
10760 10760 10760 10759 10759.7 0.33   1 10760 10759 
10764 10763 10764 10763 10763.3 0.67   1 10764 10763 
10766 10766 10765 10766 10765.7 0.33   1 10766 10765 
10770 10770 10771 10770 10770.3 -0.33   1 10771 10770 
10775 10774 10776 10774 10774.7 0.33   2 10776 10774 
10778 10777 10779 10778 10778.0 0.00   2 10779 10777 
10781 10782 10781 10781 10781.3 -0.33   1 10782 10781 
10783 10783 10783 10784 10783.3 -0.33   1 10784 10783 
10787 10787 10786 10786 10786.3 0.67   1 10787 10786 
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10791 10791 10792 10790 10791.0 0.00   2 10792 10790 
 10793  10793 10793.0 
-
10793.00  -1 0 10793 10793 
10796 10795 10796 10796 10795.7 0.33   1 10796 10795 
10798 10797 10798 10798 10797.7 0.33   1 10798 10797 
10800 10800 10802 10800 10800.7 -0.67   2 10802 10800 
10806 10805  10803 10804.0 2.00 1  2 10805 10803 
10809 10807 10806 10806 10806.3 2.67 1  1 10807 10806 
10812 10810  10808 10809.0 3.00 1  2 10810 10808 
10814 10813 10814 10813 10813.3 0.67   1 10814 10813 
10816 10815 10816 10816 10815.7 0.33   1 10816 10815 
10819 10818 10818 10819 10818.3 0.67   1 10819 10818 
10821 10821 10822 10822 10821.7 -0.67   1 10822 10821 
10826 10825 10826 10828 10826.3 -0.33   3 10828 10825 
10830 10830 10831 10832 10831.0 -1.00   2 10832 10830 
10834 10833 10834  10833.5 0.50   1 10834 10833 
10839 10838  10838 10838.0 1.00   0 10838 10838 
10842 10840 10840 10840 10840.0 2.00 1  0 10840 10840 
10846 10846 10843 10846 10845.0 1.00   3 10846 10843 
10849 10848 10847 10850 10848.3 0.67   3 10850 10847 
10853 10852 10853 10854 10853.0 0.00   2 10854 10852 
10856 10856 10856 10856 10856.0 0.00   0 10856 10856 
10858 10857 10858 10859 10858.0 0.00   2 10859 10857 
10860 10860 10860  10860.0 0.00   0 10860 10860 
10862 10862 10862 10862 10862.0 0.00   0 10862 10862 
10864 10863 10863 10866 10864.0 0.00   3 10866 10863 
10865 10865 10865 10868 10866.0 -1.00   3 10868 10865 
10870 10870 10870 10870 10870.0 0.00   0 10870 10870 
10873 10872 10873 10873 10872.7 0.33   1 10873 10872 
10876 10875 10877 10875 10875.7 0.33   2 10877 10875 
10880 10880 10880 10877 10879.0 1.00   3 10880 10877 
10883 10883 10882 10880 10881.7 1.33 1  3 10883 10880 
 10884 10885 10883 10884.0 
-
10884.00  -1 2 10885 10883 
 10887 10887 10886 10886.7 
-
10886.67  -1 1 10887 10886 
10889 10889 10889 10888 10888.7 0.33   1 10889 10888 
10891 10891 10890 10891 10890.7 0.33   1 10891 10890 
10893 10893 10893  10893.0 0.00   0 10893 10893 
10896 10895 10895 10895 10895.0 1.00   0 10895 10895 
10897 10897   10897.0 0.00   0 10897 10897 
10898 10898   10898.0 0.00   0 10898 10898 
10900 10899 10899 10898 10898.7 1.33 1  1 10899 10898 
10902 10903 10902 10903 10902.7 -0.67   1 10903 10902 
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10904 10905 10906 10906 10905.7 -1.67 1  1 10906 10905 
10907 10907 10907  10907.0 0.00   0 10907 10907 
10910 10909 10910 10910 10909.7 0.33   1 10910 10909 
10912 10913   10913.0 -1.00   0 10913 10913 
10914 10914  10915 10914.5 -0.50   1 10915 10914 
10917 10916 10917 10918 10917.0 0.00   2 10918 10916 
10919 10918 10919  10918.5 0.50   1 10919 10918 
10921 10921 10921 10923 10921.7 -0.67   2 10923 10921 
10924 10923   10923.0 1.00   0 10923 10923 
10928 10927 10927 10928 10927.3 0.67   1 10928 10927 
10930 10930 10930  10930.0 0.00   0 10930 10930 
10933 10932 10933 10932 10932.3 0.67   1 10933 10932 
10937 10936 10938 10937 10937.0 0.00   2 10938 10936 
10940 10939 10940  10939.5 0.50   1 10940 10939 
10942 10941   10941.0 1.00   0 10941 10941 
10943 10943 10943 10943 10943.0 0.00   0 10943 10943 
10945 10945 10944 10946 10945.0 0.00   2 10946 10944 
10948 10948 10948 10948 10948.0 0.00   0 10948 10948 
10951 10950 10951 10951 10950.7 0.33   1 10951 10950 
 10952 10952  10952.0 
-
10952.00  -1 0 10952 10952 
10954  10954 10953 10953.5 0.50   1 10954 10953 
10957 10957 10958 10957 10957.3 -0.33   1 10958 10957 
10960 10959 10960 10959 10959.3 0.67   1 10960 10959 
10962 10961 10962 10963 10962.0 0.00   2 10963 10961 
 10964 10964 10965 10964.3 
-
10964.33  -1 1 10965 10964 
10966 10967 10968 10968 10967.7 -1.67 1  1 10968 10967 
10969 10970 10969 10970 10969.7 -0.67   1 10970 10969 
10971 10972   10972.0 -1.00   0 10972 10972 
10973  10973 10974 10973.5 -0.50   1 10974 10973 
10977 10976 10977 10976 10976.3 0.67   1 10977 10976 
10980 10980 10980 10981 10980.3 -0.33   1 10981 10980 
10983 10983 10984  10983.5 -0.50   1 10984 10983 
10984 10985 10986 10985 10985.3 -1.33 1  1 10986 10985 
10988 10988 10988 10988 10988.0 0.00   0 10988 10988 
10991 10990 10992 10991 10991.0 0.00   2 10992 10990 
10994 10995 10995 10994 10994.7 -0.67   1 10995 10994 
10998 10998 10997 10998 10997.7 0.33   1 10998 10997 
11000  10999 11001 11000.0 0.00   2 11001 10999 
11002  11003  11003.0 -1.00   0 11003 11003 
11004 11004 11004 11004 11004.0 0.00   0 11004 11004 
11009 11008 11010 11008 11008.7 0.33   2 11010 11008 
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 11012  11012 11012.0 
-
11012.00  -1 0 11012 11012 
11014 11014 11014 11015 11014.3 -0.33   1 11015 11014 
11020  11020 11020 11020.0 0.00   0 11020 11020 
11023 11022 11022 11023 11022.3 0.67   1 11023 11022 
11024 11024 11024 11025 11024.3 -0.33   1 11025 11024 
11027 11026 11027  11026.5 0.50   1 11027 11026 
11030 11028  11030 11029.0 1.00   2 11030 11028 
11032 11031 11031 11031 11031.0 1.00   0 11031 11031 
11034 11034 11034 11034 11034.0 0.00   0 11034 11034 
11037 11035 11036 11035 11035.3 1.67 1  1 11036 11035 
11038 11037 11038 11038 11037.7 0.33   1 11038 11037 
11040 11040 11040 11039 11039.7 0.33   1 11040 11039 
11043 11043 11043 11044 11043.3 -0.33   1 11044 11043 
11048 11049 11048 11048 11048.3 -0.33   1 11049 11048 
11051 11051 11052 11052 11051.7 -0.67   1 11052 11051 
11055 11056 11055 11055 11055.3 -0.33   1 11056 11055 
11061 11061 11061  11061.0 0.00   0 11061 11061 
11063 11065 11062 11062 11063.0 0.00   3 11065 11062 
11067 11069 11067 11067 11067.7 -0.67   2 11069 11067 
 11072 11072 11071 11071.7 
-
11071.67  -1 1 11072 11071 
 11074 11074 11073 11073.7 
-
11073.67  -1 1 11074 11073 
11075 11076 11076 11076 11076.0 -1.00   0 11076 11076 
11078 11078 11078 11077 11077.7 0.33   1 11078 11077 
11080 11081 11080 11080 11080.3 -0.33   1 11081 11080 
11081 11082 11082 11083 11082.3 -1.33 1  1 11083 11082 
11085 11084 11084 11085 11084.3 0.67   1 11085 11084 
11087 11086 11086  11086.0 1.00   0 11086 11086 
11089 11088 11088 11089 11088.3 0.67   1 11089 11088 
11092 11091 11092 11093 11092.0 0.00   2 11093 11091 
11094 11094 11095  11094.5 -0.50   1 11095 11094 
11096 11096 11097 11096 11096.3 -0.33   1 11097 11096 
11098 11097 11098 11097 11097.3 0.67   1 11098 11097 
11100 11100 11100 11101 11100.3 -0.33   1 11101 11100 
11105 11105 11104 11105 11104.7 0.33   1 11105 11104 
11108 11107 11108 11109 11108.0 0.00   2 11109 11107 
11111 11110 11110  11110.0 1.00   0 11110 11110 
11113 11113 11112 11115 11113.3 -0.33   3 11115 11112 
11115 11116 11116 11116 11116.0 -1.00   0 11116 11116 
11118 11118 11118 11119 11118.3 -0.33   1 11119 11118 
11121 11120 11120 11120 11120.0 1.00   0 11120 11120 
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 11122 11123 11123 11122.7 
-
11122.67  -1 1 11123 11122 
 11125 11124  11124.5 
-
11124.50  -1 1 11125 11124 
11127 11127 11126 11127 11126.7 0.33   1 11127 11126 
11135 11135 11136 11131 11134.0 1.00   5 11136 11131 
11137 11138 11138 11137 11137.7 -0.67   1 11138 11137 
11141 11142 11142 11141 11141.7 -0.67   1 11142 11141 
11145 11145 11146 11143 11144.7 0.33   3 11146 11143 
11147 11148 11148 11146 11147.3 -0.33   2 11148 11146 
11149  11150 11149 11149.5 -0.50   1 11150 11149 
11152 11152 11152  11152.0 0.00   0 11152 11152 
11154 11153 11154 11155 11154.0 0.00   2 11155 11153 
11162 11162 11162 11162 11162.0 0.00   0 11162 11162 
11166 11165 11166 11166 11165.7 0.33   1 11166 11165 
11168     100.00  1 0 0 0 
11170 11171   11171.0 -1.00   0 11171 11171 
11172 11173 11172 11172 11172.3 -0.33   1 11173 11172 
11174  11174  11174.0 0.00   0 11174 11174 
11176 11175 11175  11175.0 1.00   0 11175 11175 
11180 11178 11178 11177 11177.7 2.33 1  1 11178 11177 
11186 11186 11186 11185 11185.7 0.33   1 11186 11185 
11190 11188 11192 11187 11189.0 1.00   5 11192 11187 
11194 11196 11196 11196 11196.0 -2.00 1  0 11196 11196 
11198 11200  11203 11201.5 -3.50 1  3 11203 11200 
11208 11209 11206 11207 11207.3 0.67   3 11209 11206 
11211 11215 11212 11215 11214.0 -3.00 1  3 11215 11212 
11217 11217 11217  11217.0 0.00   0 11217 11217 
11219 11220 11219 11218 11219.0 0.00   2 11220 11218 
11227 11226 11226 11224 11225.3 1.67 1  2 11226 11224 
11230 11228 11229 11229 11228.7 1.33 1  1 11229 11228 
11233 11233 11233 11234 11233.3 -0.33   1 11234 11233 
11236 11237 11236  11236.5 -0.50   1 11237 11236 
11242 11242 11242 11241 11241.7 0.33   1 11242 11241 
11244 11244 11244  11244.0 0.00   0 11244 11244 
11247 11246 11246 11245 11245.7 1.33 1  1 11246 11245 
11250 11249 11249 11250 11249.3 0.67   1 11250 11249 
11253 11252 11251 11253 11252.0 1.00   2 11253 11251 
11255 11255 11255 11256 11255.3 -0.33   1 11256 11255 
11258 11258 11258 11259 11258.3 -0.33   1 11259 11258 
11260 11260 11261 11260 11260.3 -0.33   1 11261 11260 
11262 11263 11262 11263 11262.7 -0.67   1 11263 11262 
11264 11264 11265 11265 11264.7 -0.67   1 11265 11264 
11266 11266 11266 11268 11266.7 -0.67   2 11268 11266 
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11269 11269 11269 11269 11269.0 0.00   0 11269 11269 
11272 11272 11272 11273 11272.3 -0.33   1 11273 11272 
11274 11273 11274  11273.5 0.50   1 11274 11273 
11278 11278 11278 11277 11277.7 0.33   1 11278 11277 
11280 11279 11280 11281 11280.0 0.00   2 11281 11279 
11283 11282 11282 11283 11282.3 0.67   1 11283 11282 
11285 11284 11285 11285 11284.7 0.33   1 11285 11284 
11287 11286 11287 11288 11287.0 0.00   2 11288 11286 
11290 11292 11290 11290 11290.7 -0.67   2 11292 11290 
11294 11295 11293 11296 11294.7 -0.67   3 11296 11293 
11297 11297 11297 11299 11297.7 -0.67   2 11299 11297 
11299 11300 11298 11301 11299.7 -0.67   3 11301 11298 
11302  11302  11302.0 0.00   0 11302 11302 
11304 11304 11304  11304.0 0.00   0 11304 11304 
11305 11306 11305 11305 11305.3 -0.33   1 11306 11305 
11308 11308 11309 11309 11308.7 -0.67   1 11309 11308 
11311 11311 11312 11311 11311.3 -0.33   1 11312 11311 
 11313  11314 11313.5 
-
11313.50  -1 1 11314 11313 
11316 11316 11316 11317 11316.3 -0.33   1 11317 11316 
11319 11318 11319 11319 11318.7 0.33   1 11319 11318 
11322 11322 11320  11321.0 1.00   2 11322 11320 
 11325 11326 11325 11325.3 
-
11325.33  -1 1 11326 11325 
11327 11327 11328  11327.5 -0.50   1 11328 11327 
11329 11329 11329 11331 11329.7 -0.67   2 11331 11329 
11332 11331 11332 11336 11333.0 -1.00   5 11336 11331 
11338 11336 11338 11341 11338.3 -0.33   5 11341 11336 
11344 11343 11344 11344 11343.7 0.33   1 11344 11343 
11345 11346 11345 11346 11345.7 -0.67   1 11346 11345 
11349 11348 11349 11349 11348.7 0.33   1 11349 11348 
11354 11354 11354 11353 11353.7 0.33   1 11354 11353 
11357 11358 11358 11358 11358.0 -1.00   0 11358 11358 
11360 11360 11360  11360.0 0.00   0 11360 11360 
11361 11362 11362  11362.0 -1.00   0 11362 11362 
11364 11365 11364 11365 11364.7 -0.67   1 11365 11364 
11367 11368 11367 11368 11367.7 -0.67   1 11368 11367 
11371 11371 11371 11370 11370.7 0.33   1 11371 11370 
11373 11374 11374 11374 11374.0 -1.00   0 11374 11374 
11376 11377 11376 11376 11376.3 -0.33   1 11377 11376 
11380 11380 11381 11381 11380.7 -0.67   1 11381 11380 
11384 11385 11384 11383 11384.0 0.00   2 11385 11383 
11387 11387 11388 11389 11388.0 -1.00   2 11389 11387 
11390 11391 11390 11390 11390.3 -0.33   1 11391 11390 
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11392 11394 11393 11394 11393.7 -1.67 1  1 11394 11393 
11395 11396 11395 11396 11395.7 -0.67   1 11396 11395 
11399 11399 11400 11399 11399.3 -0.33   1 11400 11399 
11402 11403 11402  11402.5 -0.50   1 11403 11402 
11406 11406 11406  11406.0 0.00   0 11406 11406 
11410 11409 11410 11409 11409.3 0.67   1 11410 11409 
11414 11413 11414 11414 11413.7 0.33   1 11414 11413 
11419 11417 11416 11415 11416.0 3.00 1  2 11417 11415 
11423 11422 11422 11422 11422.0 1.00   0 11422 11422 
11426 11425 11424 11424 11424.3 1.67 1  1 11425 11424 
11428 11428   11428.0 0.00   0 11428 11428 
11431 11432 11430 11431 11431.0 0.00   2 11432 11430 
11436 11436 11436 11438 11436.7 -0.67   2 11438 11436 
11437 11439 11437 11439 11438.3 -1.33 1  2 11439 11437 
11442 11442 11443 11444 11443.0 -1.00   2 11444 11442 
11446 11445 11446 11445 11445.3 0.67   1 11446 11445 
11449 11449 11450 11451 11450.0 -1.00   2 11451 11449 
11453 11454 11453 11453 11453.3 -0.33   1 11454 11453 
11457 11457 11458 11459 11458.0 -1.00   2 11459 11457 
11460 11461 11460 11460 11460.3 -0.33   1 11461 11460 
11463 11462 11463 11463 11462.7 0.33   1 11463 11462 
11465 11464 11464 11464 11464.0 1.00   0 11464 11464 
11467 11467 11467 11469 11467.7 -0.67   2 11469 11467 
11471 11471 11471 11472 11471.3 -0.33   1 11472 11471 
11475 11474 11476 11475 11475.0 0.00   2 11476 11474 
11482 11483 11482 11481 11482.0 0.00   2 11483 11481 
11487 11487 11488 11488 11487.7 -0.67   1 11488 11487 
11493 11493 11492  11492.5 0.50   1 11493 11492 
11495 11495 11495 11495 11495.0 0.00   0 11495 11495 
11498 11498 11496 11497 11497.0 1.00   2 11498 11496 
11500 11500 11500 11500 11500.0 0.00   0 11500 11500 
11501 11503 11501  11502.0 -1.00   2 11503 11501 
11504 11505 11504 11505 11504.7 -0.67   1 11505 11504 
11506 11508 11506  11507.0 -1.00   2 11508 11506 
11509 11510 11510  11510.0 -1.00   0 11510 11510 
11512 11513 11512 11512 11512.3 -0.33   1 11513 11512 
11516 11516 11516 11517 11516.3 -0.33   1 11517 11516 
11518 11519 11517 11521 11519.0 -1.00   4 11521 11517 
11521 11520 11522  11521.0 0.00   2 11522 11520 
11523 11522 11523  11522.5 0.50   1 11523 11522 
11525 11524 11525  11524.5 0.50   1 11525 11524 
11527 11527  11526 11526.5 0.50   1 11527 11526 
11528 11529 11528  11528.5 -0.50   1 11529 11528 
11530 11531 11530 11530 11530.3 -0.33   1 11531 11530 
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11532 11533 11532  11532.5 -0.50   1 11533 11532 
11534 11536 11534  11535.0 -1.00   2 11536 11534 
11537 11538 11538 11537 11537.7 -0.67   1 11538 11537 
11539 11541 11540 11541 11540.7 -1.67 1  1 11541 11540 
11541 11542 11542  11542.0 -1.00   0 11542 11542 
11544 11545 11544  11544.5 -0.50   1 11545 11544 
11545 11546 11546  11546.0 -1.00   0 11546 11546 
11547 11549  11548 11548.5 -1.50   1 11549 11548 
11551 11552 11552 11551 11551.7 -0.67   1 11552 11551 
11558 11558 11558 11558 11558.0 0.00   0 11558 11558 
11564 11562 11563 11563 11562.7 1.33 1  1 11563 11562 
11566 11565 11564 11566 11565.0 1.00   2 11566 11564 
11569 11567 11568 11567 11567.3 1.67 1  1 11568 11567 
11572 11571 11571 11572 11571.3 0.67   1 11572 11571 
11574 11574 11574 11574 11574.0 0.00   0 11574 11574 
11577 11577 11576 11576 11576.3 0.67   1 11577 11576 
11580 11580 11580 11580 11580.0 0.00   0 11580 11580 
11583 11584 11582 11583 11583.0 0.00   2 11584 11582 
11587 11588 11588 11588 11588.0 -1.00   0 11588 11588 
11591 11591 11591 11592 11591.3 -0.33   1 11592 11591 
11595 11596 11596 11596 11596.0 -1.00   0 11596 11596 
11600 11600 11600 11598 11599.3 0.67   2 11600 11598 
11603 11602 11604 11602 11602.7 0.33   2 11604 11602 
11605 11607 11605 11606 11606.0 -1.00   2 11607 11605 
11609 11608 11610 11610 11609.3 -0.33   2 11610 11608 
11611 11611 11611 11611 11611.0 0.00   0 11611 11611 
11613 11614 11614 11615 11614.3 -1.33 1  1 11615 11614 
11617 11616 11616 11617 11616.3 0.67   1 11617 11616 
11621 11620 11622  11621.0 0.00   2 11622 11620 
11624 11624 11624 11623 11623.7 0.33   1 11624 11623 
11629 11628 11629 11632 11629.7 -0.67   4 11632 11628 
11635 11634 11634 11635 11634.3 0.67   1 11635 11634 
11638 11637 11638 11638 11637.7 0.33   1 11638 11637 
11642 11642 11642 11641 11641.7 0.33   1 11642 11641 
11645 11644 11646 11644 11644.7 0.33   2 11646 11644 
11648 11647 11648 11647 11647.3 0.67   1 11648 11647 
11650 11649 11650 11650 11649.7 0.33   1 11650 11649 
11653 11653 11652 11653 11652.7 0.33   1 11653 11652 
11657 11656 11657 11657 11656.7 0.33   1 11657 11656 
11661 11660 11660 11659 11659.7 1.33 1  1 11660 11659 
11664 11663 11664 11663 11663.3 0.67   1 11664 11663 
11667 11667 11666 11666 11666.3 0.67   1 11667 11666 
11671 11669 11671 11671 11670.3 0.67   2 11671 11669 
11674 11675 11674 11676 11675.0 -1.00   2 11676 11674 
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11676     100.00  1 0 0 0 
11677 11677 11678  11677.5 -0.50   1 11678 11677 
11679 11680 11680 11681 11680.3 -1.33 1  1 11681 11680 
11681     100.00  1 0 0 0 
11686 11683 11685 11684 11684.0 2.00 1  2 11685 11683 
11689 11688 11688  11688.0 1.00   0 11688 11688 
11691 11691 11692 11691 11691.3 -0.33   1 11692 11691 
11694 11694 11694  11694.0 0.00   0 11694 11694 
11697 11696 11698 11697 11697.0 0.00   2 11698 11696 
11700  11699 11701 11700.0 0.00   2 11701 11699 
11704 11702 11703 11706 11703.7 0.33   4 11706 11702 
11708 11705   11705.0 3.00 1  0 11705 11705 
11710   11710 11710.0 0.00   0 11710 11710 
11712 11712 11712  11712.0 0.00   0 11712 11712 
11716 11716 11716 11715 11715.7 0.33   1 11716 11715 
11720 11721 11720 11721 11720.7 -0.67   1 11721 11720 
11725 11724 11725 11725 11724.7 0.33   1 11725 11724 
11727 11727 11727 11728 11727.3 -0.33   1 11728 11727 
11730 11730 11730  11730.0 0.00   0 11730 11730 
11732 11733 11731 11732 11732.0 0.00   2 11733 11731 
11736 11736 11736 11737 11736.3 -0.33   1 11737 11736 
11739 11740 11739 11739 11739.3 -0.33   1 11740 11739 
11744 11745 11744 11744 11744.3 -0.33   1 11745 11744 
11748 11750 11748 11750 11749.3 -1.33 1  2 11750 11748 
11751 11751   11751.0 0.00   0 11751 11751 
11753 11753  11754 11753.5 -0.50   1 11754 11753 
11755  11755  11755.0 0.00   0 11755 11755 
11757   11758 11758.0 -1.00   0 11758 11758 
11760 11759 11760  11759.5 0.50   1 11760 11759 
11766 11765 11766 11767 11766.0 0.00   2 11767 11765 
11769 11768 11770 11769 11769.0 0.00   2 11770 11768 
11775 11776 11776 11776 11776.0 -1.00   0 11776 11776 
11779 11778 11779 11779 11778.7 0.33   1 11779 11778 
11782 11782 11781 11782 11781.7 0.33   1 11782 11781 
11785 11784 11784  11784.0 1.00   0 11784 11784 
11787 11787 11787 11787 11787.0 0.00   0 11787 11787 
11789 11790 11790  11790.0 -1.00   0 11790 11790 
11794 11795 11794 11794 11794.3 -0.33   1 11795 11794 
11799     100.00  1 0 0 0 
11801     100.00  1 0 0 0 
11804 11806 11805 11805 11805.3 -1.33 1  1 11806 11805 
11808 11809 11808 11809 11808.7 -0.67   1 11809 11808 
11810 11811 11811  11811.0 -1.00   0 11811 11811 
11814 11814 11814 11814 11814.0 0.00   0 11814 11814 
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11816  11816  11816.0 0.00   0 11816 11816 
11824 11823 11824 11822 11823.0 1.00   2 11824 11822 
11826 11825 11827 11826 11826.0 0.00   2 11827 11825 
11829 11829 11829 11829 11829.0 0.00   0 11829 11829 
11833 11832 11834 11834 11833.3 -0.33   2 11834 11832 
11836 11835 11836 11836 11835.7 0.33   1 11836 11835 
11840 11839 11841 11840 11840.0 0.00   2 11841 11839 
11843 11842 11843 11842 11842.3 0.67   1 11843 11842 
11846 11844 11846 11845 11845.0 1.00   2 11846 11844 
11850 11848 11848 11847 11847.7 2.33 1  1 11848 11847 
11853 11853 11854 11852 11853.0 0.00   2 11854 11852 
11858 11859   11859.0 -1.00   0 11859 11859 
11861  11862  11862.0 -1.00   0 11862 11862 
11864 11863 11865 11864 11864.0 0.00   2 11865 11863 
11867     100.00  1 0 0 0 
11869 11870 11870 11872 11870.7 -1.67   2 11872 11870 
11873 11873   11873.0 0.00   0 11873 11873 
11875  11874 11875 11874.5 0.50   1 11875 11874 
11878 11878   11878.0 0.00   0 11878 11878 
11882 11883 11882 11881 11882.0 0.00   2 11883 11881 
11885 11886 11886 11885 11885.7 -0.67   1 11886 11885 
11891 11891 11891 11890 11890.7 0.33   1 11891 11890 
11893 11895 11893 11893 11893.7 -0.67   2 11895 11893 
11896 11897 11895 11899 11897.0 -1.00   4 11899 11895 
11900 11901 11898 11903 11900.7 -0.67   5 11903 11898 
11906 11906 11906 11907 11906.3 -0.33   1 11907 11906 
11908 11907 11908 11911 11908.7 -0.67   4 11911 11907 
11914 11915 11914 11916 11915.0 -1.00   2 11916 11914 
11917 11917 11918 11919 11918.0 -1.00   2 11919 11917 
11921 11921 11921  11921.0 0.00   0 11921 11921 
11924 11925 11924  11924.5 -0.50   1 11925 11924 
11928 11928 11928 11927 11927.7 0.33   1 11928 11927 
11930 11931 11930 11931 11930.7 -0.67   1 11931 11930 
11933 11934 11933 11934 11933.7 -0.67   1 11934 11933 
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Chapter 2. Skew normal distribution deconvolution of grain size distribution data and its 
application to 530 samples from Lake Bosumtwi, Ghana 
Abstract 
A lake sediment sample is usually a mix of deposits derived from multiple processes 
operating over the time span of its accumulation, and the grain size distribution (GSD) of a 
sediment sample is therefore a mix of one or more subpopulations produced by these processes. 
The log-normal distribution function has been used to describe the GSD of natural sediments for 
over a century, but its symmetric property makes it incapable of describing the distribution 
skewness that is commonly seen in the GSD of clastic sediments. This study presents a new 
nonparametric method called the skew normal distribution deconvolution (SNDD) that parses a 
sample GSD into one or more component subpopulations, each of which can be fully quantified 
by a parameter set (𝐶𝑖 , ξ𝑖 , 𝜔𝑖
2, α 𝑖) of a skew normal distribution (SND). This method was 
implemented with the “adaptive mesh refinement” algorithm so that the optimal partition can be 
achieved deterministically to a user desired degree of match between original GSD data and 
SNDD result. A comparison between SNDD and normal distribution partition indicates that 
SNDD deconvolved a sample GSD to five discrete subpopulations but the normal distribution 
would partition the same GSD to 12 subpopulations. This implies that SNDD may parse GSD 
data more much effectively to subpopulations indicative of natural deposits. Furthermore, each 
SND will have a set of rich statistical parameters (different mean and median, characteristic 
skewness and kurtosis) that can be used to characterize sediments and depositional 
environments. We acquired clastic GSD data of 530 samples from Lake Bosumtwi using an LS-
200 Coulter particle size analyzer, and used this new method to deconvolve these data to their 
component subpopulations. The results reveal seven disjointed subpopulation groups in the mean 
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grain size distribution (MGSD) field, and each of their volume frequencies can be fit to a normal 
distribution. They are one dominant subpopulation with the median grain size of 11.8 µm, and 
six minor subpopulations with median grain sizes of 0.86 µm, 7.61 µm, 24.4 µm, 60.1 µm, 129.8 
µm, and 439.6 µm. They provide strong indications that seven discrete depositional processes 
and/or environments might be responsible for producing these clastic grains over 94,500 years of 
deposition in Lake Bosumtwi. We also observed that an SNDD may re-partition grains of the 
same size into different components. On average, SNDD of our 530 samples partitioned 91.5% 
of clay grains to components whose mean grain sizes (MGS) are in the silt grain size range, and 
40.2% of sand grains to components whose MGS’s are in the silt grain size range; this implied 
that the majority of clay grains and 40% of sand grains were genetically related to silt 
components. 
 
 
Key words: skew normal distribution, deconvolution of grain size distribution, adaptive mesh 
refinement algorithm, Lake Bosumtwi 
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Introduction 
The frequency of occurrence of different sizes of particles, particularly in terrigenous 
clastic sediments and rocks, has been a topic of intense interest for over a century (Udden, 1914; 
Wentworth, 1922; Doeglas, 1946; Inman, 1949; Folk, 1954; Cadigan, 1961; Spencer, 1963; 
Visher, 1969; Ashley, 1978, Kovács, 2008; Nottebaum, et al., 2015; Vandenberghe, 2013; Liu, et 
al., 2016), and grain size frequency distribution is a fundamental property of any aliquot of 
sediment.  Here, we examine size attributes of sediment samples from Lake Bosumtwi, Ghana, a 
hydrologically closed meteorite-impact basin that formed 1.07 million years ago in Western 
Africa (Koeberl et al., 1997).  This is a nearly ideal system in which to examine secular changes 
in sediment grain sizes, in that rivers transporting sediment into this lake basin have relatively 
small and simple catchments, and the only additional source of detrital sediment is aeolian 
material supplied by northeasterly trade winds from the Sahara Desert and the Sudanian Savanna 
(Peck et al. 2004; Koeberl et al., 2007b; McKay, 2012).  Primary processes of basinward 
sediment transport and deposition include those associated with fluvial systems along the lake 
margins, lake-water suspended load, and those associated with turbidite flows advancing toward 
the central lake basin (Zhang, 2014). 
The abundance of different grain sizes in any sediment sample reflects a multitude of 
factors; these include the sizes of mineral grains in parent rocks from which sediment is derived, 
the relative importance of various physical and chemical processes that serve to disintegrate 
various source rocks, the influence of a wide range of processes connected to the transport of 
sediment from regions of erosion to sites of accumulation, and the range of time-averaged 
depositional processes and their intensities that might be represented in any single sediment 
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sample.  As a result, grain size frequencies inevitably reflect multiple processes and process 
intensities, and this heterogeneity is typically manifest as multiple populations of grain sizes 
within any individual sample. Given this complexity, it is therefore a nearly insurmountable 
challenge to truly separate or decompose sample grain size data into component subsets that 
might (or might not) reflect size variance inherited from source lithologies (Cadigan, 1961; Paola 
et al., 1992; Yang and Ding, 2004; Prins et al., 2007; Stuut et al., 2014), different sources or 
processes of sediment transport to sites of accumulation (Stapor and Tanner, 1975; McManus, 
1988; Gao and Collins, 1994; Liu et al., 2001; Hartmann and Flemming, 2007;  Le Roux and 
Rojas, 2007; Fan et al., 2014), or that might record individual processes of deposition (Spencer, 
1963; Carder et al., 1971; Shil and Komar, 1994; Weltje, 1997; Sun et al., 2002; Weltje and 
Prins, 2007; Hajek et al., 2010; Xiao et al., 2012, 2013; Vandenberghe, 2013; Liu et al., 2016).  
In spite of this limitation, the parsing of sample grain size data into one or more component 
subsets which potentially reflect different, albeit unconstrained, genetic processes can provide 
valuable information on the nature of spatial (upsection) and secular (temporal) variation in the 
histories of sedimentary successions. 
One approach to evaluating grain size records is to deconvolve sample grain size data 
into component subpopulations. Because log normal distributions are rather widely accepted as 
the fundamental unit of grain size variation, they have been used to represent component 
subpopulations of deconvolved grain size distribution data (e.g. Udden 1914; Alling, 1943; 
Spencer 1963; Visher 1969; Ashley 1978; Lambert et al. 1981; Shil and Komar 1994; Jonasz and 
Fournier 1996; Fredlund et al. 2000; Qin et al., 2005; Xiao et al., 2012, 2013). However, the 
simple lognormal distribution is a symmetric function incapable of describing any skewness in a 
grain size distribution. A skew lognormal distribution (SLND) extends the variability of a 
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lognormal distribution function by adding a shape parameter that describes distribution skewness 
(Azzalini, 1985, 2005; Ashour and Abdel-hameed, 2010). This makes the SLND a more suitable 
function for decomposing a sample GSD into discrete subpopulations. 
We applied this approach to samples taken from Hole 5C located in the center of Lake 
Bosumtwi, in order to evaluate upsection changes in contributing grain size populations.  
Specifically, we developed a digital solution and used the adaptive mesh refinement algorithm to 
deconvolve each sample GSD to one or more subpopulations, each of which is represented by a 
SLND function. We then explain the deconvolved result and consider the implications for lake 
dynamics and climatic conditions over geologic time. 
Geological and climatic setting 
Lake Bosumtwi of Ghana is meteorite impact lake located at latitude 6°30’ N and 
longitude 1°25’ W (Figure 1). The lake is located in the central part of the 10.5 km diameter 
Bosumtwi meteorite crater, which was formed 1.07 million years ago, based on the 40Ar-39Ar age 
of the tektites and the crater glasses (Koeberl et al., 1997). The crater is excavated into 
PreCambrian metamorphosed and crystalline bedrock of the Birimian System; these rocks 
comprise the major source of clastic sediment to the lake. The crater possesses a continuous and 
nearly unbroken rim that rises 250 – 300 meters above the current lake level (Jones et al. 1981) 
and this forms a natural drainage boundary for this basin (Koeberl et al., 2007b).  The present 
lake is about 75 meters deep but fluctuated significantly both seasonally and annually, and the 
post-impact lacustrine sediments have a maximum thickness of 310 meters (Scholz et al., 2002; 
Koeberl, 2005). 
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Hydrologically, the lake has no outlet, and evaporation is the dominant process of water 
loss (Turner et al., 1996). Therefore, the balance of rainfall and evaporation controls lake level 
fluctuations (Turner et al., 1996) and this is reflected in the sedimentary deposits. Lake 
Bosumtwi is located where the African Inter-Tropical Convergence Zone (ITCZ) is the major 
controlling factor on precipitation, the principal climate variable.  At present, annual Lake 
Bosumtwi weather is characterized by two rainy and two dry seasons: the first rainy season 
occurs from April to June when the ITCZ passes from south to north; the second occurs from 
September to November when the ITCZ moves from the north to the south. The driest season 
extends from November until March when dry air from the Sahara desert brings aeolian dust to 
the area. However, the regional climate has experienced tremendous variability in the past 
(Talbot and Johannessen, 1992; Nicholson, 2001; Hulme et al., 2001; Shanahan et al., 2006; 
Scholz et al., 2007a; Burrough and Thomas, 2013; Tierney  and deMenocal, 2013). In the peak 
of African Humid Period at 11,000 – 5,000 years ago, deserts had nearly vanished, and the 
Western Sahara was covered with marshes and dotted with lakes (Nicholson, 2001; deMenocal 
and Tierney, 2012; Costa, et al., 2014); in the mega-drought period between 74.5 ka and 68.5 ka, 
extremely arid conditions lasted for multiple millennia (Scholz et al., 2007a; Shanahan et al., 
2013), and various climate conditions between these extremes may have developed and varied 
with different amplitudes and rhythms.  
From 1999 to 2004, three vintages of seismic refection data were acquired, in 1999 (high 
resolution CHIRP), 2000 (multichannel airgun), and 2004 (1 kHz “Boomer”). Processing and 
interpretation of these seismic data helped understand the structure and morphology of the lake 
(Scholz et al., 2002; Scholz et al., 2007b) and the sediment sequences of the lake (Brooks et al., 
2005). In 2004, the International Continental Scientific Drilling Project (ICDP) retrieved 2.2 km 
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of core from this lake for multi-disciplinary research (Koeberl, 2005). Researchers have used 
these materials to understand paleo-environments and major paleo-climate events in tropical 
Africa, as well as their linkage to the global settings (Koeberl et al., 2007a, 2007b; Scholz et al., 
2007a; Shanahan et al., 2006; Shanahan et al., 2007; Shanahan et al., 2008; Shanahan et al., 
2012; Shanahan et al., 2013). Major achievements include 1), a multi-method technique that 
constrained the depth-age relationship of the lake sediment profile, especially in the first 100,000 
years or the top of 50 meters of sediment (Shanahan et al., 2008, 2012; 2013); 2), understanding 
paleo-climatic variations in the Pleistocene and Holocene (Shanahan et al., 2006); 3), a better 
constrained lake level variation in the Holocene (Shanahan et al., 2007), and 4), a discovery of a 
mega-drought events in the mid-late Pleistocene (Scholz et al., 2007a).  
Materials and methods 
The grain size samples were collected in 1 cm thick subsamples at 8 cm intervals from 
Hole 5, which penetrated the most complete sediment section in the lake. The initial core 
description recorded a total length of 292.5 meters of sediment. We analyzed 530 sediment 
samples from the top 50 meters. The ages of these samples span the past 94,500 years, and one 
centimeter of sediment represents an average of ~18 years based on available depth-age data 
(Shanahan et al., 2012; 2013).  The majority of samples are rich in organic matter and commonly 
contain carbonate minerals; diatoms are rare or absent. Therefore, sample preparation has been 
focused on removing organic and carbonate material from bulk sediments.  
To remove organic matter, we added 4 ml of 30% hydrogen peroxide to each ~0.6 g of 
bulk sediment sample, and kept samples on a hot plate at 60º C for four hours to dissolve organic 
matter. Each sample was then washed three times to remove dissolved organic matter.  Each 
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time, we added 20 ml of distilled water, centrifuged the sample at 3600 RPM for 10 minutes and 
carefully decanted solutions so that no sediment escaped. For extremely organic-rich samples or 
samples with large pieces of organic matter, we repeated this process until no organic material 
could be found in smear slides. 
To remove carbonate, we added 20 ml of 10% hydrochloric acid to each sample, heated 
to 50° C, and allowed the reaction to proceed for four hours before removing the solution. Then 
we washed each sample three times; each washing process included adding 10 ml of distilled 
water, agitating the samples in a reciprocating shaker at 120 RPM for 30 minutes, centrifuging at 
3600 RPM for 4 minutes, and decanting the solution.  
Very fine (clay) grains have a tendency to form clumps after removing organic matter 
and carbonate. We therefore added 5ml of dispersant (50 g of sodium metaphosphate in 1,000 ml 
distilled water) to each sample and stirred vigorously with a glass rod after the final decanting. 
Furthermore, we shook each sample with a small (1”) plastic jack or stirred with a ¼ inch 
magnet in the reciprocating shaker for ~2 hours, and then shook each sample with a hand vortex 
shaker for 2 minutes immediately before adding to the sample chamber for instrumental analysis. 
This last step was to ensure total sample homogenization without any clumps. 
The instrument used for the particle size measurement was a laser diffraction particle 
analyzer Beckman Coulter LS-200. The instrument settings for our analyses were: particle size 
range was set to 0.375 to 2,000 µm, measurement duration was 90 seconds for each run, the 
pump speed was 85% full speed, the sample PIDS (Polarization Intensity Differential Scattering) 
was measured and shown on the screen, the graphic result was displayed on the computer screen 
at 5 second moving average, and GSD data were exported to a Microsoft Excel file for each 
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sample.  Each sample was run at least twice for data replication. We regularly calibrated our 
instrument with the standards as recommended by the manufacturer to ensure consistent data 
quality. 
Deconvolution of GSD data 
There is a long history of research seeking techniques of un-mixing or decomposing 
GSD’s to one or more component GSD’s, each of which is represented by a component 
subpopulation. The log-normal distribution function is one commonly-used function for 
representing a component subpopulation of a sample GSD, but due to its inherent symmetry, it is 
incapable of accurately describing a skewed component GSD. However, the GSD of natural 
sediments are overwhelmingly skewed (McLaren, 1981). In order to model the asymmetry of a 
skewed GSD, multiple log-normal distribution functions must be used to achieve a reasonable 
match between GSD data and model (Spencer, 1963; Ashley, 1978; Shil and Komar, 1994; Qin 
et al., 2005; Xiao et al., 2012). In other words, additional log-normal distributions are necessary 
to describe the asymmetry of a skewed GSD, or else the skewed tail is simply omitted (Kranck et 
al., 1996). This has prompted researchers to seek alternative models including log-skew-Laplace 
(Flenley et al., 1987; Fieller et al., 1992), log-hyperbolic (Bader, 1970; Sutherland and Lee, 
1994; Hajek et al., 2010), WeiBull (Carder et al., 1971; Sun et al., 2002), and gamma functions 
(Risovic, 1993). However, none of these models directly measures the GSD skewness. The skew 
normal distribution (SND) is a class of distributions that extends the normal distribution by 
adding an asymmetry (shape) parameter to the normal distribution (Azzalini, 1985, 2005; Ashour 
and Abdel-hameed, 2010). It is not only capable of modeling a skewed Gaussian-like 
distribution, but also includes a direct measurement of the skewness of a Gaussian-like 
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distribution. Therefore, it is a natural choice for modeling GSD data.  A probability density 
function (pdf) of a SND is defined as follows:  
pdf(𝑥) = 
1
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where ξ is the location parameter, ω is the scale parameter, and α is the shape parameter 
(Azzalini, 1985, 2005). If a SND function represents a component subpopulation and a sample 
GSD is a mixture of one or more components, a sample pdf (written as “PDF” to be distinct from 
component pdf) will be a summation of their individual SND pdf’s: 
PDF(𝑥) =  ∑ 𝐶𝑖 pdfi(𝑥)
𝑛
𝑖=1  or 
PDF(𝑥) = ∑ 𝐶𝑖(
1
𝜔𝑖𝜋
𝑒
−
 (𝑥𝑖–𝜉𝑖)
2
2𝜔𝑖
2
∫ 𝑒
−
𝑡2
2
𝛼𝑖(
𝑥𝑖–𝜉𝑖
𝜔𝑖
)
−∞
 𝑑𝑡)𝑛𝑖=1      eq-2 
where (ξ𝑖 , 𝜔𝑖
2, α 𝑖) is the parameter set for SND 𝑖, and 𝐶𝑖 is the coefficient (representing volume 
percent) of the SND 𝑖. Eq-2 is the mathematic model that we use to deconvolve a sample GSD 
into one or more SND components in this study. In other words, we use eq-2 to deconvolve a 
sample GSD into one or more SND components, each of which is defined by their parameters 
(𝐶𝑖 , ξ𝑖 , 𝜔𝑖
2, α𝑖).  In general, there is no unique solution for eq-2 unless every parameter of 
individual SNDs can be fully quantified, which is obviously impossible. We therefore chose a 
digital approach and designed a computational algorithm that is deterministic and 
computationally heuristic and efficient for solving eq-2 to any required precision. The algorithm 
used to implement the solution is an “adaptive mesh refinement” algorithm. In principle, this 
algorithm is a “heuristic brutal force” algorithm in which a finite search space is defined and 
brutal force search is performed to find the best solution in the defined search space at each 
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iteration. Furthermore, it is assumed that a better solution exists within a mesh unit space around 
the current solution, thus a new refined search space is defined for the next iteration of search 
until a solution with the user desired precision is found. Therefore, the final solution is the 
optimal solution for the user desired precision. Details of the approach can be found in the online 
documentation at https://www.github.com/GanScholz/SNDD.  
Deconvolution results 
A solution to eq-2 is a set of SND functions, each of which is fully quantified by the 
parameter set (𝐶𝑖, ξ𝑖 , 𝜔𝑖
2, α 𝑖). This solution cannot determine whether a subpopulation is a 
genetic component of the sample GSD, but its validity can be derived and extended from the 
century-long consensus that a log-normal distribution can generally represent the component 
GSD of clastic sediments. Therefore, each SND function which is defined by SND parameters 
(𝐶𝑖 , ξ𝑖 , 𝜔𝑖
2, α 𝑖) can represent a component subpopulation in the sample. Among these 
deconvolved components, the component with largest 𝐶𝑖 is the largest volume component in a 
sample. Our data show that the largest volume components contribute 91.6% the grains on 
average, and in 78.5% of the samples have their largest volume components contributing over 
85% grains. Thus, we call these components dominant components, and other components minor 
components. This division allows us to process the dominant components and minor components 
separately, so that their signals can be isolated among dominant and minor components without 
interfering with each other. For example, characteristics of volume frequencies for minor 
components would be hard to notice if they were mixed with the dominant components, because 
minor components have a magnitude smaller volume percent compared to their dominant 
counterparts (Figure 6, and text below). 
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The SNDD will partition a GSD to equal or fewer number of components compared to 
the conventional method using the normal distribution function (Figure 2). This is because the 
normal distribution is just an instance of SND whose shape parameter is equal to zero, and the 
non-zero shape parameter will enable an SND to achieve a better degree of match between the 
SND function and GSD data with non-zero skewness. Consequently, these SND components 
may plausibly represent genetic subpopulations of sediments that were mixed because the natural 
GSD is commonly a Gaussian-like distribution with non-zero skewness which can be better 
modelled by SND function. On the other hand, a normal distribution is a strictly symmetric 
function that is incapable of describing any skewness in a distribution such that a skewness can 
only be modelled by an aggregation of multiple normal distribution functions each of which may 
not represent a genetic component unless the skewness of a GSD was resulted from a mix of 
multiple normal distribution functions. 
One obvious yet essential outcome of SNDD is that the SNDD may partition grains of the 
same size to one or more components; the coefficient 𝐶𝑖 defines the partitioned volume 
proportion of the component i. Such a partition may uncover genetic clues to transport and 
depositional processes. For example, the average GSD of our 530 samples is a polymodal 
distribution with the major peak at 11.7 µm, and two small peaks near 132 µm and 433 µm, and 
its grain composition consists of 76.5% silt, 15.3% clay, and 8.2% sand (Figure 3 and 4). The 
SNDD of this average GSD data reveals the following characteristics:  
 Five components comprise 99.4% of grains in the original GSD. The dominant 
component subpopulation has 91.6% of the grain volume, mean grain size (MGS) of 11.7 µm 
and skewness of -0.14 (Figure 4). The aeolian process is one of the major processes that 
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brought clastic grains to the Lake Bosumtwi area. These aeolian dust grains may be directly 
deposited to the lake and fixed with fluvial or suspension load deposits to form lacustro-
aeolian deposits (Vandenberghe, 2013), or they can be transported to the lake from the 
catchment area by surface runoff as fluvio-aeolian deposits (Vandenberghe, 2013). The 
dominant component subpopulation could be an admixture of deposits of lacustro-aeolian 
and fluvio-aeolian processes. Its negative skewness (left-skewed) indicates asymmetrically 
longer tailed fine-grain side, which may be a characteristic of the admixture of fluvial-
suspension-aeolian deposits in Lake Bosumtwi. 
 Three of those five component subpopulations have their MGS’ greater than the 
MGS of dominant components, and they are almost perfect normal distributions (i. e., their 
skewness is very close to zero) (Figure 4). 
 One component subpopulation has the mean 0.8 µm, volume 1.3%, and skewness 
-0.10. These fine grains could be aeolian dust brought by aeolian processes from the Sahara 
Desert and the Sudanian Savanna (Peck et al. 2004, Koeberl et al. 2007a; McKay, 2012). If 
this component represents a mix of aeolian deposits over the past 94,500 years, its negative 
skewness indicates a larger fraction of fine grains in the mix, i. e., asymmetrically more 
weak-strength aeolian events assuming GSD of individual events may have zero or near zero 
skewness (Kovács, 2008). However, if this subpopulation were a mix of aeolian and 
suspension load deposits, its negative skewness could simply indicate asymmetrically more 
fine grains in the mixture, regardless of their origin.  
 The average clastic grains of 530 samples consist of 15.3% of clay, 76.5% of silt, 
and 8.2% sand grains. The SNDD partitions 1.3% of grains to a component with MGS in 
clay size range, 93.2% of grains to components with MGS in silt size range, and 4.9% of 
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grains to components with their MGS in the sand size range. In other words, the SNDD re-
associates grains to component subpopulations: 8.5% of clay grains are partitioned to clay 
component, 91.5% of clay grains are partitioned to the silt components, all silt grains are 
partitioned to silt components; 59.8% of sand grains are partitioned to sand components, and 
40.2% of sand grains are partitioned to silt components. 
Each SND not only fully defines the characteristics of a component subpopulation, but 
also allows us to compute statistical properties for each component. The mean and skewness are 
two of the most important properties of a GSD (Vandenberghe, 2013); they are given by: 
Mean (µ) = ξ + 𝜔𝛿√
2
𝜋
    eq-3 
and 
 skewness (𝛾) = 
  4− 𝜋
2
(𝛿√2 𝜋⁄ )
3
(1−2𝛿2/𝜋)
3
2⁄
    eq-4    
where δ = α /√1 + 𝛼2  (Azzalini, 1985, 2005; Ashour and Abdel-hameed, 2010). One important 
property of eq-3 and eq-4 is that the SND is simplified to a normal distribution when the 
skewness or the shape parameter is zero. 
MGS and MGSD of Components 
The mean grain size (MGS) is commonly used to represent the grain size of a sample or a 
subpopulation, and it is an important indicator of the depositional environment in which 
sediments were transported and dispersed (Vandenberghe, 2013). For example, an upsection 
MSG profile of dominant components shows a distinct pattern for a desiccated period between 
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74.5 ka to 68.5 ka (Figure 5) (Scholz et al., 2007a). We define an MGS distribution (MGSD) as a 
distribution of volume frequencies on each MGS value of a sample/component set, where a 
volume frequency of an MGS is a cumulative volume percentage of all components having the 
same MGS value. An MGSD is similar to a GSD but MGSD uses MGS of components instead 
of individual grain size value in GSD. In this study, 𝐶𝑖 in eq-2 represents the volume percentage 
of the component i, and the MGS of this component is calculated by eq-3. Therefore, a single 
sample MGSD is represented by an array of (MGS𝑖, 𝐶𝑖),  where i is from 1 to the number of 
components in the sample, and the MGSD of a sample/component set is a simple aggregation of 
all sample MGSD’s. What an MGSD illustrates is the volume distribution with respect to their 
MGS for a sample/component set. Because minor components consist of only 8.4% of sample 
volumes on average of 530 samples, the MGSD of minor components will not show their 
characteristics clearly when plotted in the same scale as their dominant components (Figure 6). 
Thus, we normalized the volume percentage of minor components to a total of 100% and plot an 
MSGD diagram for the minor components only (Figure 7) so that the distributional 
characteristics of the minor components can be clearly shown without being overwhelmed by the 
dominant components. 
The MGSD of the dominant components of our sample set shows a Gaussian-like 
distribution which can be best fit to a log normal distribution with the mean at 3.26 in log2 scale 
(equal to10.6 µm in the linear scale) and the standard deviation 0.57 in log2 scale (equal to 1.48 
in linear scale), and R-square 0.96 (Figure 6). Importantly, there is no dominant component with 
their MGS in the clay size range (<4 µm), and only 0.4% of components in sand size range (> 64 
µm). This observation suggests that the process or processes that produced those components 
with their MGS in clay size range was never a dominant depositional process/processes at this 
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site in Lake Bosumtwi, and that the process or processes that generated the sand components was 
very rare as a dominant process with our sample resolution. However, it is also important to note 
that clay and sand layers can be clearly seen in the core, but their volumes were not large enough 
to make them dominant components within a sample. The MGSD of the minor components is 
clearly a polymodal distribution, which can be almost perfectly modelled by six lognormal 
distributions with their means at 0.86, 7.6, 24.4, 60.1, 129.8 and 438.6 µm, their standard 
deviations at 1.1 5, 1.28, 1.23, 1.27, 1.24, and 1.15 µm, and with a R-square of 0.96 (Figure 7). 
The GSD data alone cannot uniquely associate a component subpopulation to its genetic process, 
nor can the MGSD provide clues for any specific depositional condition or process. However a 
discrete distribution of these minor component subpopulations strongly suggests that they were 
produced under discrete conditions and/or by discrete processes. Groups with MGS’ at 0.86, 
60.1, 129.8 and 438.6 µm are consistent with minor components of the 530 sample average, but 
the other two groups do not have their corresponding minor components in deconvolved result of 
530 sample average GSD. In other words, deconvolution of individual sample GSD’s may have 
their minor components at around 7.6 and 24.4 µm but the SNDD of the average of 530 sample 
GSD does not result in minor components near 7.6 and 24.4 µm. However, the volume 
percentages of these two minor component groups are very insignificant compared to the volume 
of the dominant component group (Figure 6). When we averaged all 530 sample GSD’s, these 
minor components were absorbed in the dominant component (making the curve even smoother) 
instead of generating distinct minor components.  The group with its mean at 57.1 µm, volume 
1.8%, and skewness 0.01 has some overlap with the dominant component (Figure 6, Figure 7), 
and it could imply transport and depositional conditions which might be similar to but distinctly 
different from conditions that produced dominant components. Two groups of sand 
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subpopulations are consistent with what we observed in the core and core images. The group 
with their mean of 439.6 µm may represent the sand layers that occur as “white cap” layers 
commonly seen in the top of turbidite layers.  Another group of sand components may represent 
the sand grains in the main turbidite body, or sand layers of lake deposits. 
The Skewness of Components 
The skewness of a sample or component GSD measures a degree of lack of symmetry in 
the size distribution of a sample or a component. As shown in eq-4, the skewness of an SND 
component is defined as the third statistical moment divided by the second statistical moment to 
the power of 3/2 (Azzalini, 2005; Ashour and Abdel-hameed, 2010). When a sample GSD 
consists of only one SND component, the skewness of the sample GSD should be the same as 
this component. If a sample is composed of multiple SND components, the skewness of a sample 
GSD will be determined by the skewness of individual components and the asymmetrical mix of 
its components; i. e., the skewness of a sample GSD is determined by the asymmetrical 
distribution of grain sizes in the individual SND components and asymmetrical mix of coarse 
grain and fine grain components. Therefore, a sample GSD could be highly skewed even if every 
one of its components were perfectly symmetrical (skewness is zero), and multiple (> 1) skewed 
components may result in a zero skewed sample GSD. In other words, the skew relationship 
between a sample and its components is a non-deterministic “one-to-many” relationship; i. e., a 
given sample skewness can be produced by many combinations of its component skewness. For 
example, the skewness of the average GSD of the studied 530 samples and its deconvolved 
component subpopulations demonstrates this skewness property well: the average GSD is almost 
perfectly symmetrical but very slightly right skewed (𝛾1 = 0.04) with four out of its five 
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components having a moderate negative skewness and one with a zero skewness. Therefore, the 
positive skewness of the average GSD was largely produced by an asymmetrical mix of 
components, in this case, asymmetrically more coarse grain components than fine grain 
components, even though all its components have negative skewness or zero skewness. 
However, there is generally a positive correlation (R-square=0.54) between skewness of the 
sample GSD and the dominant component GSD (Figure 8). A majority of both sample GSDs and 
their dominant component subpopulations have negative skewness, indicating asymmetrically 
more abundant fine grain sediments. In Lake Bosumtwi, fluvial and aeolian processes are the 
only two known processes that deliver original clastic grains, and lake sediments are an 
admixture of lacustro-aeolian and fluvio-aeolian deposits. The MGSD of the dominant 
components indicates that 95.5% (mean ± 2 * standard deviation) of their grains ranges between 
7.84 µm and 13.76 µm, and their average accumulation rate is 0.44 mm/year based on the depth-
age model (Shanahan et al., 2013). Both the grain size and average accumulation rate of these 
dominant subpopulations strongly suggest that the majority of clastic sediments should be 
brought to the core site location by fluvial and lake-hosted current processes if the aeolian dust 
had a comparable accumulation rate (~0.01 mm/year, measured by Nihlén et al (Nihlén et al., 
1995; Pye, 1987). Thus, the negative skewness of the sample GSD and dominant component 
subpopulations shall be an indicator of either an intrinsic property of fluvial and lake-hosted 
processes or/and fine grain aeolian dust overprinting fluvial and lake processes. 
The skewness of minor components does not show obvious correlation to other attributes 
of sample GSD, because of the non-deterministic “one-to-many” relationship between skewness 
of sample and component GSDs (Figure 9). However, it is observed that the component 
subpopulations with their MGS < 1.2 µm have a positive correlation between skewness and 
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MGS, which is implied by their mathematic relationship (eq-3 and eq-4) if the location and the 
scale parameters are constant. This could be supporting evidence that the SND is a proper 
function for describing a component GSD.  
Discussion 
Grain size distribution is a fundamental property of the sediment succession that may 
contain proxy signals of environmental and climatic conditions under which the sediments were 
transported and dispersed. The primary objective of this study is to explore a deconvolution 
method to discover these signals. First, we expanded upon the century-long consensus that the 
lognormal distribution function can be used to describe component GSD, using the skew normal 
distribution function to represent component subpopulations. We adopted a mathematic model 
(eq-2) to partition the grain size distribution of a sediment sample to one or more SND 
component subpopulations. We solved eq-2 by a digital method and implemented it by an 
adaptive mesh refinement algorithm so that it can achieve computational efficiency in real-time 
on a personal computer. The result is a set of SND functions, each of which is fully quantified by 
its parameter set (𝐶𝑖, ξ𝑖 , 𝜔𝑖
2, α 𝑖) and allows us to make a direct measurement of skewness of each 
subpopulation (eq-4). The SNDD results of the 530 sample GSD dataset lead to the following 
observations on the upsection GSD dataset: 
- The MGS of a subpopulation is the primary property that indicates its transport and 
sedimentary environment (Vandenberghe, 2013; Liu, et al., 2016). Our MGSD 
diagram is an effective way to show volume importance of component MGS in a 
sample set. The upsection MGSD of deconvolved subpopulations clearly indicates 
one dominant subpopulation group and six disjointed subpopulation groups, each of 
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which can be modeled by a normal distribution (Figure 6 and Figure 7). If the 
component MGS is a primary indicator of the transport and sedimentary environment, 
each of the groups indicates a cluster of transport and sedimentary conditions that 
were close enough to vary only within the bounds of a normal distribution. Even 
though the MGSD diagram alone cannot fully define these conditions, it clearly 
indicates that these subpopulations were produced under only seven discrete 
conditions with limited variations. 
- The relationship of skewness between the sample and its subpopulations is a “one-to-
many” relationship; i. e., a given sample skewness cannot uniquely deduce the 
skewness of each subpopulations because it can be derived from different mixes of 
subpopulations with different skewness. However, the skewness data of our 530 
samples indicate that the controlling contributor of the sample skewness is an 
asymmetrically proportional mix of coarse and fine grain subpopulations.  
- We also observed that there is generally a positive correlation (R-square=0.54) 
between the skewness of the sample and its dominant subpopulation. 
The presented method is built on two essential assumptions. The first assumption is that 
each subpopulation is represented by an SND function regardless its genetic origin, i. e., a 
subpopulation may represent a GSD of a genetic process or a mix of sediments of multiple 
processes and events. The second assumption is that the best fit between the solution of the eq. 2 
and a sample GSD data is a valid deconvolution. Because normal distribution has been used in 
describing GSD for over century, we may reasonably deduce that SND can better describe GSD 
of natural sediments because an SND function is a more generic function, and a normal 
distribution function is a special case of SND. Although we cannot uniquely solve the eq. 2 
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unless we can totally quantify each SND, our digital solution can quickly converge to an optimal 
solution for the best fit between the deconvolved result and its original GSD. In other words, 
SNDD allows us to parse GSD data more effectively to subpopulations that represent natural 
deposits, and does so more effectively than previous techniques. Normal distributions have 
constant skewness and kurtosis, but each SND will have specific values of skewness and kurtosis 
that can be used to quantify sediment properties and depositional environments. The ultimate 
validation to our solution, however, will be through a series of controlled physical experiments 
that uses our method to deconvolve mixes of sediments of known GSDs and compares the 
deconvolution results with these known GSDs. 
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Figure Captions 
Figure 1. Lake Bosumtwi of Ghana is located at latitude 6°30’ N and longitude 1°25’ W. 
The uplifted crater rim defines the lake catchment (modified from Scholz et al., 
2007) 
Figure 2. Comparison of deconvolution results between normal distribution and SNDD of 
GSD data (BOS5C 1H-1 112 CM): this sample GSD is deconvolved to five 
SND subpopulations (top) and 12 normal distribution subpopulations (bottom). 
 𝐶𝑖, ξ𝑖 , 𝜔𝑖
2, α 𝑖  are as defined in eq-2. Black line is the sample GSD; the green 
lines are the SND curves of individual subpopulations, the red dash line is the 
summation of all subpopulations (it mostly overlaps the sample GSD curve); the 
purple line is the deconvolution error, which is the difference between the 
sample (black) and convolved (red dash) populations.  
Figure 3. Heat maps of original GSD data of 530 samples (left) and their histogram 
(right). A heat map of original GSD data is a 3-D illustration of GSD data. A 
histogram heat map is a 3-D representation of histograms for 92 grain size 
channels, i. e., it is assembled from 2-D histograms of 92 grain size channels; 
each point on the histogram heat map represents the frequency at the given bin 
and grain size channel.  Note that bin sizes and boundaries of the same bin 
number may be different for different grain size channels in this heat map, in 
other words, the bin size of each 2-D histogram is computed independently. 
Figure 4. An illustration of a SNDD for the average GSD of 530 samples from Lake 
Bosumtwi, Ghana: black line is the sample GSD; the green lines are the SND 
curves of individual subpopulations, the red dash line is the summation of all 
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subpopulations (it mostly overlaps the sample GSD curve); the purple line is the 
deconvolution error, which is the difference between the sample (black) and 
convolved (red dash) populations. µ is the mean of SND, γ is the skewness of 
SND, and Ci is the coefficient of subpopulation in eq-2. 
Figure 5. An upsection MGS profile of dominant subpopulations over the past 94,500 
years shows a distinct pattern for the desiccated period between 74.5 ka and 68.5 
ka.  Note that turbidite data points were removed from the profile and a 7 point 
moving average was applied to the original data. 
Figure 6. An MGSD diagram of dominant subpopulations from 530 samples. This 
distribution can be modelled by a normal distribution as shown in the callout. 
Lack of dominant components in the clay range is due to none of samples 
contains enough clay grains to be a dominant subpopulation, i. e., all clay grains 
were partitioned to silt subpopulations. 
Figure 7. An MGSD diagram of all minor subpopulations of 530 samples. This MGSD 
can be modelled by six normal distributions with their parameters shown in the 
callout.  
Figure 8. Upsection variations in skewness of the sample and their dominant 
subpopulation GSD data: the skewness is defined by the third statistical moment 
divided by the second statistical moments to the power of 3/2 of a distribution.  
Note that the signals observed in the dominant subpopulation are more 
pronounced than those observed in the overall sample skewness data. 
Figure 9. Relationship between skewness and MGS of the minor subpopulations indicates 
that no obvious pattern exists. However, it shows a positive correlation between 
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their skewness and MGS, and negative skewness values for these subpopulations 
with their MGS < 1.4 μm. 
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Appendix 2.1. VBA source code to process raw grain-size analysis output 
GSD analysis output of each run is an MS Excel spreadsheet. A total of 1259 
spreadsheets store the output data of 530 GSD samples. A sample output is included 
Appendix B. It would be very tedious to re-format these data is an easy format and error-
prone if they are manually processed. Fortunately, these data can be processed by a VBA 
script which can be run when the host Excel spreadsheet is open. This script will open 
each files in the input folder (aka directory), format data as required, and copy data to the 
master copy of data. 
Function GetAllFilesInDir(ByVal strDirPath As String) As Long 
    ' Loop through the directory specified in strDirPath and save each 
    ' file name in an array, then return that array to the calling procedure. 
    ' Return False if strDirPath is not a valid directory. 
    Dim strTempName As String 
    Dim strSampleID, strSampleBottom As String 
    Dim intSampleBBeginPos, intSampleBEndPos As Integer 
    Dim intDepth As Integer 
    Dim lngFileCount As Long 
    Dim wkb, wkbDepth As Excel.Workbook 
    On Error GoTo GetAllFiles_Err 
 
    ' Make sure that strDirPath ends with a "\" character. 
    If Right$(strDirPath, 1) <> "\" Then 
        strDirPath = strDirPath & "\" 
    End If 
     
    Application.DisplayAlerts = False 
 
 
    lngFileCount = 0 
     
    strDepthFile = InputBox("Please enter the full name for the depth data: ") 
    ' example: strDepthFile = "G:\grain size\GLAD7samplesmblf10Feb2006.xls" 
    'strDepthFile = "C:\Documents and Settings\sgan\Desktop\grain size\GLAD7samplesmblf10Feb2006.xls" 
     
    Set wkbDepth = Workbooks.Open(strDepthFile) 
       
    ' Make sure strDirPath is a directory. 
    If GetAttr(strDirPath) = vbDirectory Then 
        ' strTempName = Dir(strDirPath, vbDirectory) 
        ChDir (strDirPath) 
        ThisWorkbook.Activate 
        Sheets(1).Activate 
        Cells.Select 
        Selection.ClearContents 
         
        Sheets(2).Activate 
        Cells.Select 
        Selection.ClearContents 
         
        strTempName = Dir(strDirPath & "\*.xls", vbNormal) 
   '      MsgBox "tmpName: " & strTempName 
         
        Sheets(1).Select 
        Range("A1").Value = "Sample ID" 
        Range("B1").Value = "Corrected Depth" 
        Sheets(2).Select 
        Range("A1").Value = "Sample ID" 
 
 
        Range("B1").Value = "Corrected Depth" 
         
        Do Until Len(strTempName) = 0 
            ' Exclude ".", "..". 
            If (strTempName <> ".") And (strTempName <> "..") Then 
                ' Make sure we do not have a sub-directory name. 
                If (GetAttr(strDirPath & strTempName) _ 
                    And vbDirectory) <> vbDirectory Then 
                    ' Increase the size of the array 
                    ' to accommodate the found filename 
                    ' and add the filename to the array. 
    
                    Set wkb = Workbooks.Open(strDirPath & strTempName, ReadOnly) 
                     
                     ' copy the sample title -- need to replace with depth eventually 
                    wkb.Activate 
                    Range("B3").Select 
                    strGroupID = ActiveCell.Value 
                    Range("B4").Select 
                    strSampleID = ActiveCell.Value 
                    ' format: -10H1 0-1 cm 
                  
                       ' set depth to depth description for ID if not found 
                    strSampleBottomDepth = strGroupID & strSampleID 
                    strSampleName = strGroupID & strSampleID 
                     
                     'If (strSampleBottomDepth = "MAL05-1C-10H-1 2 cm") Then 
                     'MsgBox "wait" 
                     'End If 
 
 
   
                     'some Group ID is like this: GLAD7 MAL05 2A 
                    Do Until (InStr(strGroupID, " ") = Empty) 
                       strGroupID = Replace(strGroupID, " ", "-") 
                    Loop 
                                                           
                      'intSpace is the position before sample top, intDashPos is after 
                    intSpacePos = InStr(strSampleID, " ") 
                    intDashPos = InStr(intSpacePos + 1, strSampleID, "-") 
                    If (intDashPos = Empty) Then 
                       intDashPos = InStr(intSpacePos + 1, strSampleID, " ") 'sample ID like 1C-18E 64 cm 
                       If (intDashPos = Empty) Then 
                         intDashPos = InStr(intSpacePos + 1, strSampleID, "cm") 'sample ID like 1C-18E 64cm 
                        End If 
                    End If 
                     
                    strSampleBottom = Mid(strSampleID, intSpacePos + 1, intDashPos - intSpacePos - 1) 
                    If (InStr(Mid(strSampleID, 2, intSpacePos), "-")) Then '10H-3 96cm contains - is sample ID 
                        strSampleID = Mid(strSampleID, 1, intSpacePos - 1) 
                    Else ' sample ID like 10H2 no "-" 
                        strSampleID = Mid(strSampleID, 1, intSpacePos - 2) & "-" & Mid(strSampleID, intSpacePos - 1, 
1) 
                    End If 
                     
                    strSampleID = strGroupID & strSampleID 
                    ' strSampleID = Replace(strSampleID, " ", "-", 1, 1) 
                     
                    ' Selection.Copy 
                    wkbDepth.Activate 
                    Range("A2").Select ' make sure search from the beginning 
 
 
                    sampleIDFound = Cells.Find(what:=strSampleID, after:=ActiveCell, LookIn:=xlValues, 
LookAt:=xlPart, _ 
                            MatchCase:=False, SearchOrder:=xlByColumns, SearchDirection:=xlNext).Row 
                     
                    ' strSampleBottomDepth = strSampleID 
                                         
                    Do Until (sampleIDFound = Empty) 
                        ' look in this row for sampleBottom depth 
                        If (Cells(sampleIDFound, "B").Value = strSampleBottom) Then 
                            strSampleBottomDepth = Cells(sampleIDFound, "D") 
                            sampleIDFound = Empty 
                        Else 
                            Cells.FindNext(after:=ActiveCell).Activate 
                            If (sampleIDFound > ActiveCell.Row) Then ' it's cycling 
                                sampleIDFound = Empty 
                            Else 
                                sampleIDFound = ActiveCell.Row 
                            End If 
                             
                        End If 
                    Loop 
                          
                    ' copy the size from the first file 
                    wkb.Activate 
                    If (lngFileCount = 0) Then 
                      Range("B63:C154").Select 
                    Else 
                      Range("C63:C154").Select 
                    End If 
                     
 
 
                    Selection.Copy 
                     
                    ThisWorkbook.Activate 
                    Sheets(1).Select 
                    Range("A" & lngFileCount + 2).Select 
                    ActiveCell.Value = strSampleName 
                    Range("B" & lngFileCount + 2).Select 
                    ActiveCell.Value = strSampleBottomDepth 
                     
                    ' Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ 
                        :=False, Transpose:=True 
                         
                    If (lngFileCount = 0) Then 
                        Range("C" & lngFileCount + 1).Select 
                        Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ 
                            :=False, Transpose:=True 
                    Else 
                        Range("C" & lngFileCount + 2).Select 
                        Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ 
                            :=False, Transpose:=True 
                    End If 
                     
                         
                     ' copy the statistic title from the first file to staticstic sheet 
                    If (lngFileCount = 0) Then 
                      wkb.Activate 
                      Range("A22:A35").Select 
                      Selection.Copy 
                      ThisWorkbook.Activate 
 
 
                      Sheets(2).Select 
                      Range("C1").Select 
                      Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ 
                        :=False, Transpose:=True 
                    End If 
                                                           
                    ThisWorkbook.Activate 
                    Sheets(2).Select 
                    Range("A" & lngFileCount + 2).Select 
                    ActiveCell.Value = strSampleName 
 
                    Range("B" & lngFileCount + 2).Select 
                    ActiveCell.Value = strSampleBottomDepth 
                        ' Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ 
                            :=False, Transpose:=True 
                             
                     ' copy statistic data to sheet 2 
                    wkb.Activate 
                    Range("B22:B35").Select 
                    Selection.Copy 
                     
                    ThisWorkbook.Activate 
                    Sheets(2).Select 
                    Range("C" & lngFileCount + 2).Select 
                    Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ 
                        :=False, Transpose:=True 
                     
                    wkb.Close False 
                    lngFileCount = lngFileCount + 1 
 
 
                     
                End If 
            End If 
            ' Use the Dir function to find the next filename. 
            strTempName = Dir() 
     '       MsgBox "tmpName: " & strTempName 
         
        Loop 
         
        ' sort data by depth for the sheet1 
        ThisWorkbook.Sheets(1).Activate 
        Cells.Select 
        Selection.Sort Key1:=Range("B2"), Order1:=xlAscending, Header:=xlGuess, _ 
        OrderCustom:=1, MatchCase:=False, Orientation:=xlTopToBottom, _ 
        DataOption1:=xlSortNormal 
         
        ' sort data by depth for the sheet2 
        ThisWorkbook.Sheets(2).Activate 
        Cells.Select 
        Selection.Sort Key1:=Range("B2"), Order1:=xlAscending, Header:=xlGuess, _ 
        OrderCustom:=1, MatchCase:=False, Orientation:=xlTopToBottom, _ 
        DataOption1:=xlSortNormal 
         
        'rename the sheets 
        ThisWorkbook.Sheets(1).Name = "grain size" 
        ThisWorkbook.Sheets(2).Name = "statistics" 
         
        ' Return the count of found files. 
        GetAllFilesInDir = lngFileCount 
 
 
    End If 
GetAllFiles_End: 
    Exit Function 
GetAllFiles_Err: 
    GetAllFilesInDir = False 
    ' Resume GetAllFiles_End 
    Resume Next 
End Function 
Private Sub Workbook_Open() 
    Dim varFileArray As Variant 
    Dim lngI As Long 
    Dim strDirName As String 
     
    Const NO_FILES_IN_DIR As Long = 9 
    Const INVALID_DIR As Long = 13 
     
    On Error GoTo Test_Err 
     
    strDirName = InputBox("Please enter the folder (Directory) Name you want to process: ") 
    ' strDirName = "H:\Bosumtwi\malawi" 
    'strDirName = "C:\Documents and Settings\sgan\Desktop\grain size\malawi" 
    lngI = GetAllFilesInDir(strDirName) 
    MsgBox lngI & " files are processed" 
    ' For lngI = 0 To UBound(varFileArray) 
      '  MsgBox (varFileArray(lngI)) 
    ' Next lngI 
 
Test_Err: 
    Select Case Err.Number 
 
 
        Case NO_FILES_IN_DIR 
            MsgBox "The directory named '" & strDirName _ 
                & "' contains no files." 
        Case INVALID_DIR 
            MsgBox "'" & strDirName & "' is not a valid directory." 
        Case 0 
        Case Else 
            MsgBox "Error #" & Err.Number & " - " & Err.Description 
    End Select 
End Sub 
 
  
 
 
Appendix 2.2. An output example of GSD Instrument analysis 
The raw output files from Beckman Coulter LS-200 will be processed by VBA 
script in Appendix 1.1. This VBA script refers data by their positions during the 
processing. Therefore, the raw output files must not be modified. 
COULTER LS 9/13/2005 14:48  
File name: BOS 043H-2 108-110 cm.$01 
Group ID: BOS 04  
Sample ID: 3H-2 108-110 cm  
Operator: jrp  
Comments: 3.5 ml  
Comments:   
Bar Code:   
Instrument: LS 230, Fluid Module  
Run number: 1  
Start time: 9/13/2005 14:47  
Run length: 91  
Optical model: Fraunhofer.rfd  
Obscuration: 5  
PIDS Obscur: 45  
Obscuration: Low  
Serial Number: 6642  
   
From 0.375  
To 2000  
Volume  100  
Mean: 6.587  
Median: 7.787  
D(3,2): 3.939  
Mean/Median Ratio: 0.846  
Mode: 11.29  
S.D.: 2.525  
Variance: 6.377  
C.V.: 0  
Skewness: -0.774  
Kurtosis: 0.017  
d10: 1.656  
d50: 7.787  
d90: 19.28  
Specific Surf. Area: 15233  
   
% < Size   
10 1.656  
 
 
25 3.874  
50 7.787  
75 13.47  
90 19.28  
   
Size  % <  
1 5.04  
10 61.3  
100 100  
1000 100  
   
Volume Particle  
% Diameter  
 um <  
10 1.656  
25 3.874  
50 7.787  
75 13.47  
90 19.28  
   
Channel Particle Diff. 
Number Diameter Volume 
 (Lower) % 
 um  
1 0.375 0.098 
2 0.412 0.17 
3 0.452 0.26 
4 0.496 0.37 
5 0.545 0.45 
6 0.598 0.53 
7 0.656 0.6 
8 0.721 0.67 
9 0.791 0.72 
10 0.868 0.77 
11 0.953 0.81 
12 1.047 0.84 
13 1.149 0.88 
14 1.261 0.92 
15 1.385 0.97 
16 1.52 1.03 
17 1.668 1.1 
18 1.832 1.19 
19 2.011 1.3 
20 2.207 1.43 
21 2.423 1.58 
 
 
22 2.66 1.75 
23 2.92 1.95 
24 3.205 2.15 
25 3.519 2.38 
26 3.863 2.61 
27 4.24 2.85 
28 4.655 3.08 
29 5.11 3.31 
30 5.61 3.53 
31 6.158 3.73 
32 6.76 3.91 
33 7.421 4.07 
34 8.147 4.19 
35 8.943 4.27 
36 9.817 4.32 
37 10.78 4.32 
38 11.83 4.28 
39 12.99 4.19 
40 14.26 4.04 
41 15.65 3.87 
42 17.18 3.69 
43 18.86 3.51 
44 20.7 3.27 
45 22.73 2.42 
46 24.95 1.27 
47 27.39 0.3 
48 30.07 0.031 
49 33.01 0 
50 36.24 0 
51 39.78 0 
52 43.67 0 
53 47.94 0 
54 52.62 0 
55 57.77 0 
56 63.41 0 
57 69.61 0 
58 76.42 0 
59 83.89 0 
60 92.09 0 
61 101.1 0 
62 111 0 
63 121.8 0 
64 133.7 0 
65 146.8 0 
66 161.2 0 
 
 
67 176.9 0 
68 194.2 0 
69 213.2 0 
70 234.1 0 
71 256.9 0 
72 282.1 0 
73 309.6 0 
74 339.9 0 
75 373.1 0 
76 409.6 0 
77 449.7 0 
78 493.6 0 
79 541.9 0 
80 594.9 0 
81 653 0 
82 716.8 0 
83 786.9 0 
84 863.9 0 
85 948.3 0 
86 1041 0 
87 1143 0 
88 1255 0 
89 1377 0 
90 1512 0 
91 1660 0 
92 1822 0 
 2000  
   
Detector Detector Background 
Number Flux Flux 
0 6971 1.43E+05 
0.5 7510 1.26E+05 
1 -43825 9.06E+05 
2 -9559 1.46E+06 
3 26356 5.56E+05 
4 9412 2.95E+05 
5 8341 2.94E+05 
6 19221 5.46E+05 
7 1226 2.38E+05 
8 6630 1.01E+05 
9 -1904 3.59E+05 
10 19183 2.86E+05 
11 9221 1.08E+05 
12 7593 1.80E+05 
13 4765 2.30E+05 
 
 
14 6490 1.12E+05 
15 6835 51345 
16 6908 1.21E+05 
17 7111 1.26E+05 
18 8819 1.63E+05 
19 7695 1.18E+05 
20 7856 93546 
21 6126 78978 
22 8578 79923 
23 6481 99197 
24 7221 59135 
25 6516 66453 
26 5718 37255 
27 7165 59619 
28 6782 50163 
29 7526 47913 
30 6217 40440 
31 5608 47284 
32 6015 58097 
33 6424 50877 
34 5755 62943 
35 5912 43311 
36 5668 47684 
37 6234 51821 
38 5600 39737 
39 5679 38196 
40 5368 44300 
41 5504 43628 
42 5061 31041 
43 4886 34074 
44 4559 30068 
45 4690 30314 
46 4516 24485 
47 4269 24469 
48 4132 23653 
49 3970 20485 
50 3797 20813 
51 3542 19166 
52 3385 15213 
53 3162 14033 
54 3023 12499 
55 2766 10574 
56 2618 9065 
57 2465 7923 
58 2246 6483 
 
 
59 2102 5614 
60 1932 4736 
61 1768 4016 
62 1619 3379 
63 1589 3046 
64 1284 2094 
65 1056 1636 
66 874 1299 
67 735.9 1075 
68 624.5 888.9 
69 536.7 752.4 
70 466.2 658.4 
71 404.5 581.2 
72 355.3 514.2 
73 313.6 464.5 
74 278.8 415.2 
75 250 376.1 
76 224.7 342.2 
77 204.8 303 
78 185 279 
79 167.7 257 
80 153.9 240.2 
81 141.4 216.7 
82 130.1 202.2 
83 120.7 188.7 
84 112 179.6 
85 103.4 170.3 
86 97.18 159.7 
87 90.89 154 
88 85.36 146 
89 80.21 140.2 
90 75.38 135.1 
91 70.68 129.1 
92 66.57 121.6 
93 63.33 116 
94 63.33 116 
95 73.71 65.07 
96 64.53 57.15 
97 57 50.95 
98 50.78 46.27 
99 45.4 42.38 
100 39.63 37.4 
101 35.96 34.18 
102 32.65 31.46 
103 29.71 29.37 
 
 
104 27.02 27.2 
105 25.04 25.39 
106 23.11 23.92 
107 21.21 22.17 
108 19.64 20.8 
109 18.23 19.64 
110 17.08 18.68 
111 15.69 17.81 
112 14.67 16.97 
113 13.72 16.27 
114 12.86 15.59 
115 12.15 14.91 
116 11.46 14.3 
117 10.81 13.8 
118 10.25 13.38 
119 9.691 12.95 
120 9.216 12.31 
121 8.871 11.96 
122 8.544 11.6 
123 8.099 11.12 
124 7.775 10.66 
125 7.434 10.34 
126 7.095 9.886 
127 0.953 0 
   
Channel Detector Background 
Number Flux Flux 
1 1.97 17.86 
1.1 10.73 0.14 
1.2 12.84 0.38 
1.3 15.68 0.19 
1.4 20.55 0.26 
1.5 30.24 0.37 
1.6 0.55 0 
2 1.67 20.93 
2.1 3.26 0.07 
2.2 2.77 -0.18 
2.3 2.99 0.04 
2.4 4.27 0.08 
2.5 8.59 0.13 
2.6 0.54 0 
3 1.81 5.02 
3.1 11.72 0.2 
3.2 14.01 0.27 
3.3 17.12 0.25 
 
 
3.4 22.46 0.31 
3.5 33.18 0.42 
3.6 0.61 0 
4 1.69 5.19 
4.1 3.41 0.07 
4.2 2.82 0.06 
4.3 3 0.06 
4.4 4.35 0.08 
4.5 9.09 0.13 
4.6 0.61 0 
5 3.37 11.33 
5.1 10.2 0.2 
5.2 12.49 0.28 
5.3 15.14 0.23 
5.4 19.95 0.28 
5.5 29.92 0.36 
5.6 0.7 0 
6 3.37 11.61 
6.1 2.89 0.1 
6.2 2.39 0.17 
6.3 2.61 0.09 
6.4 3.85 0.1 
6.5 8.21 0.14 
6.6 0.7 0 
   
 
 
Chapter 3. West African hydroclimate variability over the past 100,000 years, 
determined from occurrences of turbidites from Lake Bosumtwi, Ghana  
Abstract 
River flood-induced turbidites in lake basins can provide long-term records of 
rainfall and hydroclimate. A total of 315 layers of turbidites were identified in 
drill cores from Lake Bosumtwi, Ghana, spanning the past 70,000 years. Their 
temporal distribution and thickness variations can constrain the history of 
regional hydroclimate, in that temporal clustering implies an abundance of 
flood events during wet climate, whereas thicker turbidite layers indicate 
greater flood magnitudes. Conversely, millennial-scale hiatuses between 
turbidite clusters suggest an absence of flood events and more arid climate 
conditions. Eleven such millennial-scale hiatuses were observed over the past 
70,000 years.  Alternations of drought and humid climates constitute 
millennial-scale hydroclimatic rhythms of Lake Bosumtwi.  Whereas past 
records of West African climate have been closely tied to climate forcing in 
the North Atlantic, these patterns of turbidite occurrence are interpreted as the 
result of the interaction of climate systems between the hemispheres over the 
past 70,000 years. Rhythm analysis of unevenly spaced time series reveals 
that the distribution of turbidites has a cyclicity of ~13,500 years with Lomb-
Scargle significance above 0.5 for their thickness distribution and 0.05 for 
their occurrence frequencies in 100 year bins. This periodicity is not similar to 
any previously identified cyclic modulation of global climate variation. 
Accordingly, it could be a unique aspect of low-latitude West African climate 
 
 
that was impacted by both hemispheres. Total organic carbon (TOC) and total 
nitrogen (TN) composition of bulk sediments, and δ13C composition of 
organic matter were measured and examined at different scales and 
resolutions.  Anomalously low TOC and TN were observed over two 
intervals: a mega-drought event between 74.4 ka and 68.4 ka (TOC ranged 
0.39% to 0.46%), and an arid period from 51.9 ka to 47.6 ka (TOC = 2.3% to 
2.78%).  TOC, δ13C, and C/N values consistently suggested a long, arid 
climate from 100.0 ka to around 79.2 ka, during which o.m. were clearly of 
lacustrine origin. TOC, TN, mean grain size and C/N values showed distinct 
signatures of mega-drought events from 74.4 ka to 68.4 ka. This is also 
consistent with the dust index of the Sahara Desert observed in the Ionian Sea. 
These proxies also showed that the sediment o.m. may have mainly been a 
mix of C3 and C4 plants of terrestrial origin, with some lacustrine o.m. 
deposited between mega-drought and Younger Dryas intervals, which implied 
a frequent alternation of arid and humid climate in this period. 
 
 
 
 
 
Key words: lake turbidites, hydroclimate, Lake Bosumtwi, Pleistocene, tropical climate 
change 
  
 
 
Introduction 
Much of West Africa has experienced extremes in climate over the past century, 
and recently drought conditions have impacted tens of millions of people across the 
region (Sylla et al., 2016).  As average global temperatures continue to warm, it is 
predicted that low latitude continental areas will face further climate extremes (O’Neill et 
al., 2017; Massetti et al., 2017). Lake Bosumtwi is located at latitude 6°30’ N and 
longitude 1°25’ W (Figure 1), and is one of the few natural lakes in the region that 
contains a long, continuous record of sedimentation (Scholz et al., 2002), and these 
sediments have proven to be a sensitive recorder of past environmental conditions 
(Shanahan et al., 2009).   
Flood-induced turbidite deposits are the result of flood events and therefore can 
be reliable recorders of local or regional climate. In a hydrologically-closed basin like 
Lake Bosumtwi, Ghana, their temporal occurrence and thickness can directly record the 
local rainfall history and indirectly the local hydroclimatic responses to the regional or 
global driving forces (Osleger et al., 2009; Schillereff et al., 2014; Wilhelm et al., 2016).  
In this study, our primary objectives are to quantitatively examine the timing, magnitude, 
and intrinsic variations of the flood-induced turbidite deposits, and through these records, 
explore the Bosumtwi basin responses to regional and global climate driving forces.  
Maslin et al (2001) proposed four abstract system responses to external and 
internal driving forces: linear and synchronous responses, muted or limited responses, 
delayed or non-linear responses and threshold responses. The linear and synchronous 
responses will result in signals that match the rhythm of the driving forces, both in 
amplitude and phase. Muted and limited responses mean that system signals will have no 
 
 
change or minor responses to driving force variations: i.e., the signals will not reflect the 
driving force changes. Delayed and non-linear feedbacks will result in phase shifts 
between the driving force and its proxy responses. The threshold responses can be best 
described by “dynamic stochastic resonance” (Benzi et al., 1981, 1983): i.e., signals stay 
in the same state unless the variation of the system exceeds a certain threshold, which 
drives the system to another state. Therefore, a climate change could result in different 
signals because of different response mechanisms, and a given signal could represent 
different climate conditions derived from different times and with different response 
mechanisms. Climate signals in the past imprinted their signals in various proxies such as 
glaciers and sediment archives. Studies that attempt to derive climate conditions from 
these proxies face two fundamental challenges: one is to understand the response 
mechanism for a given proxy, and another is to know the climate driving force at any 
given time. We evaluate the Bosumtwi turbidite record in this context. 
Geological and climatic settings 
Lake Bosumtwi, Ghana, is a meteorite impact crater excavated into Precambrian 
metamorphic crystalline rocks of the Birimian Supergroup (2.1 – 2.2 Ga) (Karp et al., 
2002; Koeberl et al., 2007). The crater has a diameter of 10.5 km from rim to rim, and the 
modern lake is ~8 km in diameter, with a maximum depth of 75 m (Karp et al., 2002). It 
has a near-circular outer ring with minor topographic highs that form a drainage divide, 
and isolates Lake Bosumtwi basin, which makes the lake hydrologically closed. The 
crater has steep inner slopes, e.g., 10° to 30° on the western side (Maclaren, 1931). There 
are no significant rivers flowing into the lake, and the majority of tributaries are less than 
1.5 km long, with two largest streams entering the southern end of the lake (Maclaren, 
 
 
1931).  Although the catchment area of the lake has remained relatively unchanged 
during the lake history (Scholz et al, 2007b), fluctuation of lake levels will change the 
length and slope of streams flowing into the lake, so that their capacity and patterns of 
sediment transport will be impacted.  
The major source of rainfall to the lake is the tropical rain belt (Nicholson, 2018) 
which passes the area twice a year and controls the hydroclimate pattern of the area. In 
the arid season, northeasterly trade winds from the Sahara Desert and the Sudanian 
Savanna blow aeolian dust to the lake area (Peck et al. 2004, Koeberl et al. 2007). This 
dust is either directly deposited onto the lake surface, and mixes with other lake deposits 
to form lacustro-aeolian deposits, or it settles in the lake catchment area in the arid season 
and then to the lake floor via surface runoff as fluvio-aeolian deposits (Vandenberghe, 
2013). Meanwhile, the low-latitude location of Lake Bosumtwi places it at a hinge point 
of the bipolar seesaw of the global climate model (Stocker and Johnsen, 2003; Brown et 
al., 2007), such that hydroclimate oscillations may be impacted by changes in the 
northern hemisphere, but may be out of phase and have different amplitudes than signals 
preserved in the North Atlantic domain.  
In the past 100,000 years, three important climate events were identified in Lake 
Bosumtwi: 1) a mega-drought and period of lake desiccation at 74.4 to 68.4 ka, which is 
characterized by a layer of dense, massive, blue-gray clay (Scholz et al., 2007a), very low 
total organic carbon content, and marked reduction in grain size (Gan and Scholz, 2017); 
2), a local expression of the arid Younger Dryas event from 12.6 ka – 11.6  ka, which is 
manifested by a significant lake level regression (Shanahan et al., 2006; Talbot et al., 
2007); and 3), a local manifestation of the African Humid Period of extreme high lake 
 
 
level, which lasted from about 11.5 ka to 3.5 ka (Talbot and Johannessen, 1992; 
Shanahan et al., 2006; 2015). These events are critical reference nodes in the climatic 
framework of Lake Bosumtwi. 
Method and materials 
Sediment cores of BOS04-5B from the Bosumtwi Crater scientific drilling project 
(Koeberl et al., 2007) were the primary source of material for the study, and BOS04-5C 
was a secondary source supplementing missing sections of BOS04-5B. Because the 
locations of these two drill sites were only meters apart, we were able to correlate their 
core images precisely to the laminae scale. Turbidite layers were first discovered in 
scanning x-ray fluorescence (XRF) data generated using the Itrax® scanning x-ray 
fluorescence analyzer at the Large Lake Observatory at the University of Minnesota, 
Duluth. The archive halves of split sediment cores were analyzed at 1-cm-resolution, with 
60 sec count times and a Mo x-ray source 46 operated at 30 kV and 20 mA (McKay, 
2012). The XRF radiographs of these turbidite layers are characteristically homogeneous, 
massive, and dark (Figure 2). Millimeter-thick turbidite layers observed in core images 
are composed of fine- to medium-silt, are moderately- to well-sorted, consist primarily of 
quartz and feldspar grains, and display a distinct light-gray color, which make them 
easily identifiable from their surrounding dark-gray, commonly laminated mud. In smear 
slides, these light turbidite layers were mainly composed of clear quartz. Centimeter- to 
decimeter-thick turbidites are massive, medium to coarse silt-sized, moderately sorted, 
and characterized by a light-gray quartz-feldspar cap (Figure 2). They can be readily 
distinguished from the surrounding muds by their high density, a distinctive light-gray 
cap, and massive dark layers in X-radiographs (Figure 2). Lithologically, these turbidites 
 
 
contain less organic matter (maximum TOC is 9.4% comparing to 25.4% in non-turbidite 
bulk sediments), and are coarser and denser than surrounding muds (Zhang, 2014). They 
commonly display reverse-to-normal grading which is an indicator of flood deposits of 
hyperpycnal river flows (Mulder et al., 2001).   
 A total of 315 layers that were thicker than 1 mm were measured and used in this 
study. Their depths were adjusted to the RMCD (Revised Meters Composite Depth) 
using the depth model, and their ages were derived using a depth-age relationship 
(Shanahan et al., 2015). Compared to a previously published depth-age model (Shanahan 
et al., 2013), this model incorporated multiple dating techniques and data points, and 
better constrained the uncertainty of depth-age relationship using Bayesian hierarchical 
modeling (Shanahan et al., 2015); this newer model gradually diverged to a steeper slope, 
i.e., a given depth has an older age than the age derived from the previous age model 
(Figure 3). In order to study properties of turbidite distributions, we constructed time 
series of individual layer thickness, cumulative thickness and frequency of turbidite 
layers using a bin width of 100 years.  
Turbidites in the Lake Bosumtwi sediment record 
Turbidite deposits are important constituents of the sediment archive of Lake 
Bosumtwi, and their measured properties may be important proxies for local 
hydroclimatic dynamics. In general, turbidity currents are triggered by three principal 
mechanisms: earthquakes, riverine floods, and landslides initiated by over-loading or 
over-steepening of shelves and slopes (St-Onge et al., 2004). Lake Bosumtwi is 
positioned on Precambrian metamorphic basement on the tectonically stable West 
African Craton, a zone of very low seismic risk (Kutu, 2013) and, accordingly, it is 
 
 
unlikely that earthquakes are the main triggers for turbidity currents in the basin. A slope 
failure through sediment over-loading or over-steepening could be a possible trigger of 
turbidity currents due to lake level changes, but no evidence of sediment failures is 
observed in high-resolution lake seismic profiles (Brooks et al., 2005) or drill cores in the 
studied period (Zhang, 2014). By excluding two out of three possible triggering 
mechanisms, flood events are interpreted as the predominant triggers of turbidity currents 
in Lake Bosumtwi. Previous studies indicated that the frequency and thickness of 
turbidite layers can be proxies of local hydroclimate such as the frequency and magnitude 
of rainfall and flood (Osleger et al., 2009; Schillereff et al., 2014; Wilhelm et al., 2016). 
Therefore, the frequency and thickness of turbidites in sediment cores should be directly 
correlated to the frequency and magnitude of intense rainfall events that induce floods in 
a small and enclosed catchment; that is, the frequency and magnitude of turbidites 
observed in Lake Bosumtwi scientific drill cores are a direct reflection of and proxies for 
local climate. 
A thickness histogram of 315 turbidites reveals that 61.6% of layers are < 1.5 mm 
thick, 93.0% of them are less than 10 mm thick, and only 7% of them are > 10 mm thick 
(Figure 4). Since the thickness of turbidite layers is proportional to flood magnitudes 
(Schillereff et al., 2014; Wilhelm et al., 2016), a thin layer of turbidites indicated a small 
scale flood/rainfall event, and a thick layer indicated a large to exceptional flood/rainfall 
event (Osleger, 2009). However, we cannot quantify a relationship between turbidite 
thickness and rainfall amounts in the past 70,000 years, but time series of turbidite 
thickness and frequency distributions can qualitatively reflect their relationship to local 
hydroclimate variations. Turbidite thickness time series is composed of cumulative 
 
 
thickness of 100 year bins and their average age; the occurrence frequency time series is 
composed of the number of turbidite layers in a 100 year bin and their average age. In 
order to better illustrate their properties, we separated these 315 turbidites into two 
groups by their thickness: one group with thicknesses less than 10 mm representing 
products of small flood events, and another with thickness equal to or more than 10 mm 
representing derived artifacts of large to exceptionally large scale flood events (Figure 5). 
Their distributions reveal that turbidites occurred in discrete clusters, each of which 
implies a period of wet climate, and their occurrence frequencies and thickness 
magnitudes indicate the degree of wetness: a higher frequency implies wetter climate and 
a larger magnitude suggests a larger flood event. Conversely, a prolonged hiatus of 
turbidites between clusters implies a period when flood events were absent, usually 
suggesting arid climate or persistent drought.  In other words, an abundance of turbidites 
indicates the intensity of wet climate, and hiatus length between turbidites implies the 
length of the arid period. A millennial-scale hiatus may indicate a long-lasting period of 
arid climate during which the mechanisms and agents for triggering turbidites were 
diminished. A distribution profile of turbidites shows eleven alternations of millennial-
scale wet and arid climates in the past 70,000 years (Figure 6). However, these 
alternations were not simple repetitions, but with different durations and magnitudes. 
Turbidite layers in the cluster from 68.4 ka to 56.5 ka were thick and densely clustered, 
suggesting an extended period of high rainfall/wet climate. Turbidite clusters occurred 
from 47.3 ka to 45.7 ka, 34.0 ka to 25.5 ka, 18.5 ka to 17.4 ka, and 14.5 ka to present 
indicated humid climate during these time periods. This last humid period may contain an 
arid excursion between 12.7 ka and 11.4 ka, which contains only one thin (1.08 mm) 
 
 
turbidite layer at 12.1 ka. In other words, this last humid period may be separated by a 
millennial-scale arid excursion that overlaps with the Younger Dryas; the late part of the 
humid period may be a local expression of the African Humid Period. Durations of these 
eleven (11) millennial-scale hiatuses ranged from 1.0 ky to 4.3 ky, suggesting eleven 
millennial-scale arid periods over the past 70,000 years in Lake Bosumtwi.  
Grain size of lake sediments is a sediment property that contains information on 
their transport dynamics, depositional and climate environment (Diester-Haass, 1973; 
Holz et al., 2007; Yin et al., 2011; Chen et al., 2018). Tributaries in arid climates have 
less energy comparing to wet climates simply because of less water, which implies that 
these tributaries may transport smaller terrestrial grains in an arid climate. However, 
lower lake level can effectively increase transport power due to an increase of channel 
slope; additionally, retrogressive lake level will provide more sediments that were stored 
in tributary mouths and near the lake shore area. Therefore, grain size of sediments in the 
lake center may not have a simple linear relationship with climate; rather, it will be 
impacted by both climate and the previously existing lake environment. Mean grain size 
(MGS) of the dominant subpopulation captures the most important information about 
grain size property of its host sediments (Gan and Scholz, 2017). An upsection profile of 
MGS shows distinctly fine MGS in the mega-drought period (Scholz et al., 20007a). 
Other fine MGS intervals in the profile are mostly match turbidite/flood hiatuses except 
D3, i.e., where finer grain sediments accumulated during arid climate (Figure 6). 
Aeolian dust supplied by northeasterly trade winds from the Sahara Desert and the 
Sudanian Savanna is an important detrital source in Lake Bosumtwi (Peck et al. 2004; 
Koeberl et al., 2007; McKay, 2012). No dust data are currently available from Lake 
 
 
Bosumtwi, but a Saharan dust record is available from other areas such as the Ionian Sea 
(Ehrmann et al., 2017; Zielhofer et al., 2017). The dust record from Ionian Sea is 
included in the Figure 6. It shows a strong dust pulse during the mega-drought (Figure 6). 
Both MGS of dominant components and dust record clearly suggest an extensive arid 
period centered about 91 ka, and two short humid periods centered about 92 ka and 77 ka 
prior to the mega-drought (Figure 6). This set of dust records also shows a major dust 
pulse over the past 7,000 years, which is inconsistent with humid climate, including the 
African Humid Period in Lake Bosumtwi (Talbot and Johannessen, 1992; Shanahan et 
al., 2006; Tierney and deMenocal, 2013; Burrough and Thomas, 2013; Shanahan et al., 
2015). However, there were only minor dust pulses in the dust record from Ionian Sea 
corresponding to turbidite hiatuses, including D10, D9, D8, D5, and D4.  
Rhythms of turbidite distribution 
Upsection profiles of cumulative thickness and occurrence describe the 
distribution characteristics of these turbidite layers in the time domain; i.e., two datasets 
show magnitude and frequency with respect to their occurring time. A rhythm analysis 
should reveal characteristics of time series in the frequency domain, i.e., their rhythmic 
characteristics. The accuracy of time and data are equally critical to the result of time 
series analysis. Inaccurate time may lead to inaccurate or misleading results. As 
mentioned earlier, turbidite ages were computed from a depth-age model which is 
enveloped by ?̂? ± 1.96𝑠/√𝑛  where  ?̂?  is the sample mean age, s is the standard 
deviation, and n is the number of samples for 95% of confidence. A sample age used in 
turbidite time series is a sample mean age ?̂?  (Shanahan et al., 2015). In order to simulate 
 
 
age uncertainty, we added controlled age errors to the depth-age model derived ages in 
our rhythm analyses. For a given depth, we add a controlled error to the age calculation: 
𝑎𝑔𝑒 = 𝑚𝑜𝑑𝑒𝑙 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑎𝑔𝑒 ± (𝑟 ∗ 𝐸)      eq-1 
where r is a variant factor between 0 and 1, 𝐸 is an error range as 𝐸 =
(1 − 𝑐𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑜𝑓 𝑎𝑔𝑒 𝑚𝑜𝑑𝑒𝑙 (𝐶𝐴𝑀)) ∗ 𝑚𝑜𝑑𝑒𝑙 𝑑𝑒𝑟𝑖𝑣𝑒𝑑 𝑎𝑔𝑒. Thus, the larger CAM, 
the smaller 𝐸, and vice versa; if CAM is 100%, 𝐸 will be zero, and a simulated age will 
be the same as the model calculated age. It is worth noting that the simulated age range 
given by eq-1 will not be the same range as the model age range with the same 
confidence, but eq-1 gives us flexibility to simulate general age uncertainty with different 
CAMs. 
Age intervals between data points are variant in the original turbidite time series. 
In the rhythm analyses, however, the data must be evenly spaced time series for Fourier 
Transform-based spectral analyses (Press et al., 1992) or wavelet analyses (Torrence and 
Compo, 1998). To produce an evenly spaced time series from an unevenly spaced 
dataset, it is necessary to re-sample data from an irregularly spaced dataset at an equal 
time interval. Echner (2012) summarized the major pitfalls of data re-sampling for 
rhythm analyses: re-sampling may introduce data inaccuracy and severe bias to the 
frequencies of power spectral analyses, change the causal relationships in a multi-variant 
time series, and cause data loss and dilution. To avoid pitfalls of data resampling, Lomb 
(1976) introduced and Scargle (1982) elaborated an alternative approach (the Lomb-
Scargle periodogram) to use irregularly-spaced time series for spectral analyses. It allows 
us to compute the power spectral density (PSD) with a desired frequency resolution 
 
 
within the frequency range between 1/∆T (where ∆T is the time span in the time series) 
and Nyquist frequency for an irregular spaced time series (Schulz and Stattegger, 1997; 
Ruf, 1999; Rehfeld et al., 2011; Echner, 2012). We implemented a java version of this 
method based on the algorithm provided by Press et al. (1992), and choose the 
oversample factor = 8 or the frequency increment = 1 /(8 * ∆t), where ∆t is the average 
sampling rate. Our Java source codes can be found at 
http://www.github.com/ganScholz/Lbsg. A time series derived from a depth-age model or 
computed by eq-1 represents only one instance of numerous possible time series within 
the age envelope. Thus, an LS-periodogram of a time series is only one estimate of PSD 
distribution. In order to achieve a better estimate of the original rhythm of a dataset, we 
generated 10,000 time series using eq-1 and computed the LS-periodograms, and used the 
simple Monte Carlo method to acquire the mean PSD and the root mean square error 
(RMSE) of these LS-periodograms. We suggest that the mean PSD distribution is a better 
estimate of the original rhythm of the dataset. The result of both datasets of turbidite 
thicknesses and occurrences showed that both datasets have a significant rhythm with 
their period of ~13,500 years (Figure 7). This cyclicity is near the Earth’s half Precession 
cycle (26,000 years/cycle) rather than millennial-scale events (Hagelberg and Bond, 
1994). Accordingly, Earth orbital forcing could be ultimate driving force for the rhythm 
of flood events and climate of the West Africa.  
Carbon and nitrogen geochemical proxies 
Organic matter in lake sediments is either autochthonous (lacustrine) such as 
cyanobacteria and algae or allochthonous (terrestrial) from the adjacent catchment, 
mainly consisting of vascular plants. These two groups of o.m. have distinct C/N ratios: 
 
 
lacustrine o.m. has C/N ratios < 10, whereas terrestrial o.m. generally has C/N ratios > 10 
(Meybeck, 1982; Talbot and Johannessen, 1992; Meyers and Ishiwatari, 1993; Meyers 
and Lallier-Verges, 1999; Lamb et al., 2006; Weijers et al., 2009; Stetten et al., 2015; 
Baudin et al., 2017). δ13C value ranges of lacustrine and terrestrial o.m. mostly overlap, 
but major types of o.m. may have their unique δ13C signatures. Lacustrine cyanobacteria 
has δ13C  > -25‰, lacustrine algae δ13C < -25‰, terrestrial C3 pathway plants have their 
δ13C values ranging -32‰ to -22‰, C4 pathway plants have a range -17‰ to -9‰, and 
Crassulaccan acid metabolism -30‰ to -10‰ (Meyers and Ishiwatari, 1993; Boutton et 
al., 1998; Meyers and Lallier-Verges, 1999; Lamb et al., 2006; Weijers et al., 2009; 
Kohn, 2010; Miller and Gosling, 2014; Stetten et al., 2015; Baudin et al., 2017; Tierney 
and Pausata, 2017). Although only about 3% of all land plant species use the C4 pathway, 
they are a strong indicator of arid climate - they dominate nearly all grasslands in the 
tropics, subtropics, and warm temperate zones (Boutton et al., 1998; Ehleringer and 
Cerling, 2002). 
Modern Lake Bosumtwi is located in the transition zone between savannah (to the 
north) and moist forest to the south (Holtvoeth et al., 2003; Miller and Gosling, 2014; 
Shanahan et al., 2016). Historically, it had been covered by tropical grasslands during  
arid climate time and rainforest zones in periods of humid climate (Talbot and 
Johannessen, 1992; Beuning et al., 2003; Holtvoeth et al., 2003; Miller and Gosling, 
2014; Shanahan et al., 2016). Changes of climate may leave their geochemical and 
isotopic imprints such as total organic carbon (TOC), total nitrogen (TN), their ratio (C/N 
values), and δ13C values in their sediment archive. Upsection profiles of TOC and TN 
values showed two intervals with extremely low TOC values from 74.4 ka to 68.4 ka, and 
 
 
between 51.9 ka to 47.6 ka (Figure 8). The period from 74.4 ka to 68.4 ka was 
documented as a mega-drought period (Scholz et al., 2007a; Gan and Scholz, 2017), and 
the period between 51.9 ka to 47.6 ka may be another extremely arid period. C/N values 
of o.m. from 100.0 ka – 89.2 ka and 76.9 ka – 66.7 ka seem to indicate their lacustrine 
origin (Figure 9); their δ13C values further constrain that o.m. from 100.0 ka to 89.2 ka 
were likely lacustrine bacteria, and 76.9 ka – 66.7 ka was in the range near lacustrine 
algae (Figure 9). However, the later period was the desiccate period with extremely low 
TOC values such so that a small amount of terrestrial (e.g. aeolian) o.m. or inorganic 
carbon may have significant impact on their C/N and δ13C values. The rest of o.m. over 
the past 100,000 were of terrestrial origin but could be mixed with lacustrine o.m. as their 
values were outside value ranges of typical C4 plants and the West African rainforest 
plants (Figure 9) (Weijers and Schouten, 2009; Miller and Gosling, 2014; Stetten et al., 
2015; Baudin et al., 2017). In other words, a majority of them may be mixtures of 
lacustrine o.m., terrestrial C3 and C4 plants. It is probably common that geochemical 
signals may have a delayed response to climate change because some of terrestrial plants 
may be stored in the catchment area until they were transported to the lake at a later time. 
Thus, these terrestrial plants may be mixed with other allochthonous and autochthonous 
o.m. as they were deposited in the lake sediments. Therefore, a frequent alternation of 
arid and humid climates may result in mixtures of o.m. from different times and origins. 
To further explore possible implications of δ13C and TOC proxies to the origin of 
o.m. and climate, we made a simplified assumption that the composition of organic 
matter in bulk sediments consisted of only C3 and C4 pathway o.m. The C4-like o.m. 
represented the o.m. source with their δ13C composition ranging from -16‰ to -10‰ and 
 
 
C3-like o.m. had their δ
13C composition ranging from -36‰ to -26‰ (Beuning et al., 
2003; Kohn, 2010). For a given δ13C composition and its TOC value, we compute all 
possible partitions of C3-like and C4-like o.m. using their above stated δ
13C ranges. This 
computation gave us all possible percentages of C4-like (and C3-like) o. m. for a given 
sample. We interpret a high percentage of a C4-like o.m. and weak depletion of δ
13C as an 
indicator of arid climate, and a low percentage of C4-like group and highly depleted of 
δ13C as an indicator of humid climate. An upsection profile of C4-like o.m. percentages 
and δ13C composition showed that a pronounced arid climate persisted between 100 ka to 
78.2 ka, except for a short period of humid climate centered 82.8 ka, which is consistent 
with C/N and δ13C data (Figure 8); an alternation of arid and humid climates between 
68.4 ka to 11.5 ka; and a generally wet climate from 11.5 ka to the present (Figure 8). 
The mega-drought event which is strongly indicated by other proxies shows 
“contradictory” signals, i.e., δ13C shows a strong depletion during the mega-drought 
event. This may be because our basic assumption that o. m. consisted only of C3-like and 
C4-like o.m. from the lake and drainage basin was invalid for the mega-drought period, 
during which time TOC values are close to zero; in other words, majority of o. m. could 
be airborne or re-worked during the mega-drought period.  
Discussion  
Dansgaard-Oeschger (D-O) and Heinrich events were the most important 
millennial-scale climate events that constituted the global climate framework in the Last 
Glacial period (Blunier et al., 1998; Schulz et al., 1998; Seidov and Maslin, 2001; Blunier 
and Brook, 2001; Barbante et al., 2006; Barker et al., 2009; Singarayer and Burrough, 
2015; Buizert et al., 2015; Markle et al., 2017). Each D-O event was a rapid warming 
 
 
period (Greenland Interstadial or GI) lasting less than a few centuries, followed by a slow 
cooling period (Greenland Stadial or GS) lasting a few millennia (Rasmussen et al., 2014; 
Landais et al., 2015). The mechanism that connects the high latitude events in the 
northern and southern hemispheres is the Atlantic Meridional Overturning Circulation 
(AMOC). The counterparts of the D-O events were also found in the southern 
hemisphere. For example, Blunier and Brook (2001) documented seven warm events as 
Antarctic counterparts of major Greenland D-O events, but they occurred in an anti-phase 
rhythm, i.e., the end of an Antarctic warming period was temporally correlated to the 
onset of Greenland Interstatial in the Last Glacial period (Barbante et al., 2006). This 
anti-phase relationship between hemispheres has been referred to as the bi-polar seesaw 
mechanism (Barbante et al., 2006; Barker et al., 2009; Landais et al., 2015). For example, 
mean annual temperatures dropped by ~15°C around the North Atlantic sector, whereas 
in the southern hemisphere middle latitudes, a rapid and pronounced summer warming of 
about 4°–5°C is observed in Heinrich 1 from 18 ka to 15 ka (Putnam et al. 2013; Yuan et 
al., 2018). Heinrich events were another type of important event in the North Atlantic 
regional and global climate in the last glacial period. These events document the 
discharge of large amounts of ice-melt waters to the North Atlantic Ocean, which caused 
the SST’s of the Atlantic Ocean to decrease by 2 to 12°C. (Heinrich, 1988; Cortijo et al., 
1997; Chapman and Shackleton, 1998; Chapman et al., 2000; Grousset et al., 2001; 
Repschläger et al., 2015). Therefore, the temporal relationships between turbidite 
 
 
distributions and D-O and Heinrich events may provide clues to possible linkages 
between hydroclimate in the Lake Bosumtwi and global climate. 
Eleven (11) alternations of turbidite clusters and hiatuses were identified in Lake 
Bosumtwi, but 24 D-O events and six Heinrich events were documented in the North 
Atlantic region over the past 70,000 years (Figure 6). This discrepancy of the number of 
events between turbidite hiatuses and D-O or Heinrich events suggests that there is no 
one-to-one causal relationship between climate in Lake Bosumtwi and the North Atlantic 
region.  Hiatus D11 (69.6 ka – 67.8 ka) occurred within the regional desiccation period 
between 74.4 ka and 68.4 ka (Scholz et al., 2007a; Gan and Scholz, 2017), and overlaps 
with Greenland Interstatial of D-O 20. This hiatus was followed by a dense cluster of 
thick turbidites. The occurrence of these turbidites was temporally consistent with a rapid 
warming Greenland Interstadial of D-O 19 (GI 19), which may suggest a possible linkage 
between this cluster of turbidites and GI 19, i. e., this multi-millennial period of strong 
wet climate in Lake Bosumtwi could be linked to GI 19 in the north Atlantic region and 
Bosumtwi climate may have had a linear response to GI 19 impacts. Hiatus D10 (65.5 ka 
to 64.5 ka) was a short millennial-scale turbidite hiatus situated in the middle of a long 
cold period (~ 6,000 years) between D-O 19 and D-O 18 (Figure 6). There was no major 
previously known climate event in either hemisphere (Blunier and Brook, 2001; Barbante 
et al., 2006; Buizert et al., 2015). D10 occurred in the middle of a long lasting and 
relatively cold period. The lack of rainfall could be a threshold response of Lake 
Bosumtwi to the cold climate in both hemispheres, i.e., a long-lasting cold climate 
resulted in sufficient decrease of SST, which weakened tropical convection, led to dry 
conditions, therefore reducing turbidity currents in Lake Bosumtwi. The end of D10 was 
 
 
followed by a prolonged turbidite-rich period that lasted eight millennia (Figure 6), 
suggesting a long and pronounced wet period.  This long humid period spanned several 
cycles of D-O events in both polar areas, which suggested that climate of Lake Bosumtwi 
might have had a muted response to D-O events in this period. From D9 to D8 were 
prolong hiatuses (56.5 ka to 47.3 ka) with two small turbidite clusters; i.e., 56.5 ka to 
47.3 ka was a long lasting arid period with two short wet excursions. However, this 
period spanned three D-O events, among them D-O 14 and 16, which had long cooling 
periods, and D-O 15 which was a short D-O event.  The onset of D9 was coincident with 
the beginning of the cooling phase of D-O 16 but spanned over to the coldest point of D-
O 15, which included Heinrich event 5.2. But H5.2 was only a small part of this long 
lasting arid climate. If D9 arid climate was a response to the cooling phase of D-O 16, 
climate of Lake Bosumtwi might have a threshold response to D-O 15 due to the D9 arid 
climate having continued over the whole D-O 15; in other words, the warming phase of 
D-O 15 was not strong enough to reverse the arid climate, possibly due to enhancement 
of aridity, as suggested H5.2. The hiatus D8 included D8-1 (48.9 ka – 47.5 ka) and D8-2 
(51.6 ka – 49.1 ka) with one turbidite layer separating them. The onset of this arid climate 
condition was coincident with the beginning of the cooling phase of D-O 14, and lasted 
through almost the whole cooling phase of D-O 14. It suggested that D8 could be a linear 
response to D-O 14. The turbidite cluster after D8 temporally spanned the whole D-O 13, 
suggesting a period of humid climate that lasted the whole of D-O 13. There was no 
millennial-scale turbidite hiatus or arid climate excursion corresponding to the cooling 
phase of D-O 13 and H5 (Figure 6), suggesting that climate of Lake Bosumtwi had a 
muted response to the cooling phase of D-O 13 and H5. Hiatuses D7 (45.7 ka – 43.2 ka) 
 
 
and D5 (36.6 ka – 34.0 ka) were temporally correlated to the early part of cooling phases 
of D-O 12 and 8, suggesting linear responses to the D-O cooling in the north hemisphere 
and possibly terminated due to a warming phase in the southern hemisphere. The hiatus 
D6 (42.6 ka – 39.8 ka), however, started the coolest period of D-O 12 and lasted to the 
early cooling portion of D-O 11.  D6 spanned the coolest phase, the warming phase of D-
O 12, H5, and the early cooling phase of D-O 11. In other words, Lake Bosumtwi had an 
arid climate during D6 while the North Atlantic region experienced a full cycle from a 
cooling phase, a warming phase, and back to a cooling phase during the same period, 
which may indicate that Lake Bosumtwi climate had a muted response to climate 
variation in the North Atlantic region during D6 (42.6 ka – 39.8 ka). A similar behavior 
was also observed in the late part of D9. This may suggest that extremely cold periods in 
the North Atlantic region produced such severe arid climate conditions in Lake Bosumtwi 
that muted the area’s response to the warming phase of the next D-O event. Hiatuses D4 
(25.5 ka – 23.4 ka), D3 (21.5 ka – 18.5 ka), and D2 (17.4 ka – 14.5 ka) overlapped with 
Heinrich 2, LGM and H1, respectively (Figure 6). This overlap suggests that they may be 
linear responses to these cooling events in the North Atlantic region. Hiatus D1 (11.0 ka 
– 9.1 ka) occurred in the beginning of African Humid Period, but was also the late phase 
of the rapid warming phase after the Younger Dryas. We interpret this hiatus as arising 
from a rapid and major transgressive period during which sediments were trapped near 
the lake shore as a result of the rapid rise of lake level, and thus starved the basin center 
drill sites of sediment and turbidites. 
The climate signals derived from turbidites should be in synchronization with 
climate variation, i.e., the distribution of turbidites should have a linear response to the 
 
 
local climate. Geochemical and isotopic proxies of o.m. in lake sediments may not have a 
linear responses to climate variation. These proxies of autochthonous o.m. should reflect 
the existing lake condition and climate in which o.m. was produced, i.e., properties of the 
autochthonous o.m. may be different under the same climate condition but different 
previously existing lake condition such as lake level and chemical composition of lake 
water. Terrestrial o.m. may also have non-linear responses to climate changes. For 
example, rainforest plants may have lived for hundreds of years prior to transport to the 
lake. Thus their proxy data preserved in lake sediments were the average value of their 
lifetime (up to hundreds of years or more), which can result in a muted response to 
climate changes for any period shorter than their lifespan. Additionally, some terrestrial 
o.m. may be stored in the catchment area for uncertain amounts of time before transport 
to the lake, which results in a delayed response to climate change. In the case of frequent 
and dramatic variations of climate environment, geochemical and isotopic proxies of 
terrestrial o.m. may hardly reflect their climate changes. Therefore, it is fully expected 
that signals extracted from different climate proxies may not be consistent in their 
amplitudes and phases due to their different response mechanisms to climate variations. 
Proxies including MGS, dust index of Sahara Desert, and geochemical and isotopic data 
of o.m. and bulk sediments may provide consistent signals for millennial-scale and 
profound climate events such as the mega-drought event, but may not reflect consistent 
signals for frequently changing climate. In Lake Bosumtwi, these proxy signals indicated 
a prolonged period of arid climate between 100 ka to about 80 ka before the mega-
 
 
drought event, the mega-drought events, and Africa Humid Period, but not consistent 
signals for climate between the mega-drought events and Younger Dryas event. 
In the context of global climate, Lake Bosumtwi is located at the node or hinge 
point of the “seesaw” between hemispheres. The seesaw mechanism has been a popular 
theory to explain asynchronicity of millennial-scale climatic events between hemispheres 
in the Last Glacial cycle (Blunier and Brook, 2001; Barbante et al., 2006; Barker et al., 
2009; Rasmussen et al., 2014; Landais et al., 2015; Rhodes et al., 2015). Furthermore, 
Buizert et al. (2015) documented that the north has led the south for both cooling and 
warming events by about 200 years, and suggested that ocean circulation (AMOC) 
played a central role in the bipolar seesaw mechanism.  This lag implies that events in the 
Northern Hemisphere were the driving force for climate changes in the Southern 
Hemisphere. However, as Lake Bosumtwi is located in the hinge point of this seesaw, its 
climate will not only respond to climate variation in the Northern Hemisphere but will 
also be impacted by the feedback from the Southern Hemisphere. In other words, 
paleoclimate in Lake Bosumtwi may have not been driven directly by climate forcing in 
the Northern Hemisphere, but was a result of interactions with processes at high latitudes 
in both hemispheres; this could be the reason why past climates in the Lake Bosumtwi 
area had different rhythms and different types of responses to the climate variations in the 
Northern Hemisphere at different times. Onsets of hiatuses D11, D9, D8, D7, D5, D4 and 
D3 were temporally matched at the beginning of the cooling periods of D-O events, 
which may indicate that the onset of these hiatuses (arid periods) were responses to the 
beginning of cooling phases of D-O events. But the time-spans they covered were much 
shorter than time-spans of their corresponding cooling phases of D-O events, except for 
 
 
D9. Thus, we speculate these arid periods were responses to decreased SST and a 
weakened tropical rain belt. Because the tropical rain belt is the major source of the 
rainfall, weakened convection means decreased rainfall and drier climate in the Lake 
Bosumtwi region (Talbot and Delibrias, 1980; Shanahan et al., 2006).  As cooling 
progressed in the northern hemisphere, the southern hemisphere became warmer as 
indicated by the polar-seesaw mechanism (Rasmussen et al., 2014; Landais et al., 2015; 
Rhodes et al., 2015). If impacts of warming in the southern hemisphere prevailed to 
reverse SST’s and strengthen convection in the West Africa, it could reverse climate from 
an arid condition to a humid one. Hiatuses D4 and D2 temporally overlapped with 
Heinrich events H2 and H1 respectively, and D3 temporally overlapped with the LGM, 
which suggests that these hiatuses could contain a component of linear responses to 
Heinrich events. Hiatus D1 (11.0 ka – 9.1 ka) seems not to correlate to any D-O or 
Heinrich event. Indeed, this hiatus may not be indicator of arid climate, but was a part of 
a rapid transgressive period during which sediments were trapped in the near lake shore 
area, starving the central lake drill sites of sediment. That is, most of hiatuses of turbidites 
may indicate arid periods and local responses to either D-O cooling events or Heinrich 
events in the North Atlantic region, but D1 was a result of a rapid transgressive phase in 
the lake’s history. 
Conclusions 
Lake turbidites from Lake Bosumtwi provide unique terrestrial materials 
that serve as a hydroclimate proxy in West Africa. A total of 315 millimeter-
decimeter turbidite layers were identified in Lake Bosumtwi over the past 70,000 
years. Their temporal distribution profile revealed the following: 
 
 
 The temporal distribution of lake turbidites can be an indicator of local 
hydroclimate: high frequencies imply frequent flood events and wet 
climate; turbidite thickness indicates the magnitude of flood events. 
Hiatuses between clusters of turbidites on millennial-scales were periods 
during which rainfall was weak, and turbidity currents were limited or 
diminished, and therefore indicate arid climate.  
 Eleven millennial-scale alternations of wet and arid climate were 
identified in Lake Bosumtwi over the past 70,000 years. Each of these 
cycles are interpreted as a result of the interaction of climate processes 
between the hemispheres, or responses to climate forcing in the North 
Atlantic region only. 
 Rhythm analysis on unevenly spaced time series revealed that distribution 
of turbidites has a cyclicity of ~13,500 years. This cyclicity is not 
correlated to a specific cycle of global climate variation, but it is near 
Earth’s half Precession cycle. Considering that climate of Lake Bosumtwi 
could be impacted by both the hemispheres, this rhythm would imply that 
the orbital forcing may be the ultimate driving force for flood events and 
climate in the Lake Bosumtwi. 
 TOC, δ13C, and C/N values consistently suggested a long, arid climate 
from 100.0 ka to 78.2 ka during which o.m. were clearly of lacustrine 
origin. 
 TOC, TN, MGS and C/N values showed distinct signatures of mega-
drought events from 74.4 ka to 68.4 ka. This is also consistent with the 
 
 
dust index of Sahara Desert in Ionian Sea. 
 The δ13C, and C/N values of o.m. suggested that o.m. could be mainly a 
mix of C3 and C4 plants of terrestrial origin, possible mixed with some 
lacustrine o.m. between the mega-drought and Younger Dryas events, 
which could imply a frequent alternation of arid and wet climate in this 
period. 
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Figures 
 
Figure 1. A composite location map of bathymetry, catchment boundary, main tributaries, 
overflow level (dashed line), and ICDP drill site 5, Lake Bosumtwi, Ghana. The 
current lake is 10.5 km in diameter and about 75 m maximum water depth. 
 
 
 
Figure 2. An example of core images and X-radiographs showing the millimeter- to 
decimeter-thick turbidites (highlighted in red) observed in core BOS-04-5B. 
Archived half cores were analyzed using the Itrax® scanning x-ray fluorescence 
analyzer at the Large Lake Observatory at the University of Minnesota, Duluth 
(McKay, 2012; Zhang, 2014) 
 
 
 
Figure 3. A comparison of previous published depth-age model (Shanahan et al., 2013) and the 
depth-age model used in this study (Shanahan et al., 2015). 
 
 
Figure 4. A thickness histogram of 315 layers of turbidites shows that 93% of turbidite layers are 
< 10 mm thick.
 
 
 
Figure 5. Frequency and thickness of turbidite layers in 100-year bins for thin (< 10 mm; upper panel) layers and thick (≥ 10 mm; 
lower panel) layers. Turbidites occurred in discrete clusters. 
 
 
 
Figure 6. Frequency and thickness distributions of all turbidite layers and their temporal reference to D-O events (red numbers on the 
top panel) (Grootes et al., 1993; Schulz et al., 1998), Heinrich events (Chapman and Shackleton, 1998), dust index from 
Ionian Sea (Ehrmann et al., 2017, and MGS of dominant components (Gan and Scholz, 2017). Hiatuses in millennial-scale 
turbidites were marked D1 to D11 (pink panels) during which time turbidites greater than 1 mm were absent for at least 1,000 
years. 
 
 
Figure 7. An LS-periodogram of turbidite thickness and occurrence datasets revealed a significant rhythm at ~13,500 
years/cycle. This PSD analysis was a result of 10,000 time series computed by eq-1 with CAM = 95%. 
 
 
 
Figure 8. (Upper Panel) Upsection profiles of TOC, TN values, and C/N ratios of bulk sediments from Core 5 over the past 100,000 
years. (Lower Panel) Upsection profiles of δ13C and calculated possible volume percentages of C4-like plants by partitioning 
the δ13C and TOC values assuming that o.m. was composed of C3-like and C4-like plants only. 
 
 
 
Figure 9. A plot of C/N and δ13C values indicates origins and types of sediment o.m. (Lamb et al., 2006). It shows that the o.m. from 
89.2 to 100.0 ka was mainly bacteria, 78.9 to 66.7 ka was in the range of lacustrine origin. Only a few samples are within the 
C4 range, about half of samples are in the C3 range but wide spread, the rest of samples are not within any range defined by 
Lamb et al. (2006), indicating that they may be a mix of lacustrine and terrestrial o.m. Nearby Congo Rainforest data shows a 
range of typical terrestrial plants (Stetten et al., 2015; Baudin et al., 2017).  
 
 
Supplemental Table 3.1 Age and thickness data of 315 turbiditic layers and their LS-spectral analysis results 
Core Name 
Top 
(mm) 
Bottom 
(mm) 
Thickness 
(mm) 
RMCD 
(cm) 
Age 
(years) 
 Freq 
(cycles/yr) 
Period 
(yrs/cycle) 
Mean-PSD 
Deviation 
Mean-PSD 
(Thickness) 
Mean-PSD 
(count) 
RMSE-PSD 
(Thickness) 
RMSE-PSD 
(Count) 
BOS04-5B-1H-1 113 115 2.44 11 156  1.76E-06 568722 2.55E-08 1.4223 0.4843 0.0516 0.0258 
BOS04-5B-1H-1 642 646 3.92 64 663  3.52E-06 284361 5.11E-08 1.4439 0.5158 0.0500 0.0241 
BOS04-5C-1H-1 70 71 1.37 74 761  5.27E-06 189574 7.66E-08 1.4809 0.6387 0.0481 0.0222 
BOS04-5C-1H-1 111 113 1.83 79 804  7.03E-06 142180 1.02E-07 1.5367 0.9774 0.0476 0.0383 
BOS04-5B-1H-2 130 133 2.69 80 823  8.79E-06 113744 1.28E-07 1.6132 1.6125 0.0502 0.0785 
BOS04-5B-1H-2 212 214 1.65 89 925  1.05E-05 94787 1.53E-07 1.6862 2.3064 0.0548 0.1092 
BOS04-5B-1H-2 252 253 1.53 93 974  1.23E-05 81246 1.79E-07 1.6857 2.7074 0.0614 0.1245 
BOS04-5B-1H-2 351 352 1.23 102 1096  1.41E-05 71090 2.04E-07 1.5333 2.8293 0.0773 0.1362 
BOS04-5B-1H-2 352 353 1.06 103 1098  1.58E-05 63191 2.30E-07 1.2161 2.8262 0.0940 0.1474 
BOS04-5B-1H-2 391 392 1.31 106 1145  1.76E-05 56872 2.55E-07 0.8875 2.7528 0.0869 0.1555 
BOS04-5B-1H-2 591 592 1.06 126 1395  1.93E-05 51702 2.81E-07 0.7803 2.6378 0.0777 0.1571 
BOS04-5B-1H-2 618 619 1.12 129 1430  2.11E-05 47393 3.06E-07 0.9518 2.5980 0.1033 0.1578 
BOS04-5B-1H-2 670 673 3.24 134 1498  2.29E-05 43748 3.32E-07 1.2624 2.8311 0.1289 0.1874 
BOS04-5B-1H-2 688 691 3.08 136 1521  2.46E-05 40623 3.57E-07 1.5306 3.5113 0.1430 0.2736 
BOS04-5B-1H-2 728 731 2.69 140 1574  2.64E-05 37915 3.83E-07 1.6498 4.6385 0.1564 0.3798 
BOS04-5B-1H-2 751 754 2.20 143 1603  2.81E-05 35545 4.08E-07 1.5898 5.9759 0.1753 0.4519 
BOS04-5B-1H-2 768 769 1.03 144 1624  2.99E-05 33454 4.34E-07 1.3340 7.0868 0.1991 0.4605 
BOS04-5B-1H-2 842 855 13.39 152 1717  3.16E-05 31596 4.60E-07 0.9068 7.4849 0.2105 0.4588 
BOS04-5B-1H-2 1224 1225 1.07 190 2125  3.34E-05 29933 4.85E-07 0.4386 6.9747 0.1789 0.5180 
BOS04-5B-1H-2 1310 1311 1.38 198 2325  3.52E-05 28436 5.11E-07 0.1122 5.8104 0.0960 0.5612 
BOS04-5B-1H-2 1314 1315 1.08 199 2333  3.69E-05 27082 5.36E-07 0.0580 4.4313 0.0591 0.5322 
BOS04-5B-1H-2 1318 1319 1.25 199 2342  3.87E-05 25851 5.62E-07 0.3199 3.1590 0.1952 0.4654 
BOS04-5B-1H-2 1329 1330 1.05 200 2375  4.04E-05 24727 5.87E-07 0.8651 2.1207 0.3387 0.4056 
BOS04-5B-1H-2 1338 1342 4.24 201 2426  4.22E-05 23697 6.13E-07 1.5892 1.3339 0.4543 0.3448 
BOS04-5B-1H-2 1346 1347 1.23 202 2464  4.40E-05 22749 6.38E-07 2.3077 0.7975 0.5136 0.2589 
BOS04-5B-1H-2 1351 1372 21.45 202 2480  4.57E-05 21874 6.64E-07 2.7867 0.4878 0.5127 0.1685 
BOS04-5B-1H-2 1422 1423 1.06 207 2720  4.75E-05 21064 6.89E-07 2.8580 0.3239 0.4892 0.1234 
BOS04-5B-1H-2 1427 1431 4.14 207 2734  4.92E-05 20311 7.15E-07 2.5192 0.2111 0.4741 0.1167 
BOS04-5C-1H-2 109 110 1.15 217 3280  5.10E-05 19611 7.40E-07 1.9052 0.1159 0.4563 0.0935 
BOS04-5C-1H-2 118 119 1.03 218 3330  5.27E-05 18957 7.66E-07 1.1976 0.0678 0.4093 0.0585 
 
 
BOS04-5C-1H-2 126 128 1.39 219 3372  5.45E-05 18346 7.91E-07 0.5713 0.1106 0.3104 0.0978 
BOS04-5C-1H-2 193 195 1.29 226 3798  5.63E-05 17773 8.17E-07 0.1838 0.2846 0.1561 0.1840 
BOS04-5C-1H-2 200 204 3.77 227 3852  5.80E-05 17234 8.42E-07 0.1656 0.6293 0.1708 0.3014 
BOS04-5C-1H-2 267 268 1.04 233 4276  5.98E-05 16727 8.68E-07 0.5791 1.1705 0.4300 0.4543 
BOS04-5C-1H-2 273 275 1.04 234 4319  6.15E-05 16249 8.93E-07 1.3778 1.9280 0.6786 0.6311 
BOS04-5C-1H-2 285 287 1.54 235 4396  6.33E-05 15798 9.19E-07 2.4251 2.9638 0.8536 0.8246 
BOS04-5C-1H-2 324 326 1.70 239 4650  6.51E-05 15371 9.45E-07 3.5624 4.3789 0.9405 1.0368 
BOS04-5C-1H-2 402 404 2.31 245 4921  6.68E-05 14966 9.70E-07 4.6580 6.1954 0.9513 1.2474 
BOS04-5B-2H-1 162 163 1.55 245 4945  6.86E-05 14583 9.96E-07 5.6107 8.2466 0.9078 1.3975 
BOS04-5B-2H-1 192 195 2.12 249 5078  7.03E-05 14218 1.02E-06 6.3278 10.2177 0.8389 1.4405 
BOS04-5B-2H-1 318 319 1.00 260 5574  7.21E-05 13871 1.05E-06 6.7140 11.7772 0.7954 1.3795 
BOS04-5B-2H-1 379 380 1.38 265 5869  7.38E-05 13541 1.07E-06 6.7006 12.6484 0.8339 1.2749 
BOS04-5B-2H-1 495 496 1.00 276 6491  7.56E-05 13226 1.10E-06 6.2928 12.6077 0.9375 1.2804 
BOS04-5B-2H-1 592 593 1.08 287 6911  7.74E-05 12925 1.12E-06 5.5798 11.5211 1.0287 1.5364 
BOS04-5B-2H-1 604 605 1.61 289 6940  7.91E-05 12638 1.15E-06 4.6951 9.4663 1.0583 1.8931 
BOS04-5B-2H-1 607 608 1.23 289 6946  8.09E-05 12364 1.17E-06 3.7629 6.8250 1.0238 2.0523 
BOS04-5B-2H-1 650 651 1.16 295 7091  8.26E-05 12100 1.20E-06 2.8700 4.1850 0.9421 1.8517 
BOS04-5B-2H-1 669 670 1.21 297 7138  8.44E-05 11848 1.23E-06 2.0709 2.0809 0.8233 1.3498 
BOS04-5B-2H-1 728 729 1.00 306 7389  8.62E-05 11607 1.25E-06 1.4132 0.7834 0.6673 0.7432 
BOS04-5B-2H-1 740 741 1.07 307 7426  8.79E-05 11374 1.28E-06 0.9529 0.2670 0.4892 0.2692 
BOS04-5B-2H-1 763 775 12.78 311 7549  8.97E-05 11151 1.30E-06 0.7376 0.3063 0.3686 0.2911 
BOS04-5B-2H-1 953 955 2.08 336 8259  9.14E-05 10937 1.33E-06 0.7751 0.6072 0.4146 0.4195 
BOS04-5B-2H-1 1013 1014 1.27 344 8535  9.32E-05 10731 1.35E-06 1.0228 0.9254 0.5508 0.4468 
BOS04-5B-2H-1 1110 1111 1.04 356 9056  9.49E-05 10532 1.38E-06 1.4045 1.1583 0.6719 0.4545 
BOS04-5B-2H-1 1424 1425 1.62 389 10694  9.67E-05 10340 1.40E-06 1.8337 1.3724 0.7489 0.5101 
BOS04-5B-2H-2 12 13 1.28 397 11021  9.85E-05 10156 1.43E-06 2.2220 1.7305 0.7844 0.6724 
BOS04-5B-2H-2 69 70 1.55 403 11220  1.00E-04 9978 1.46E-06 2.4801 2.3531 0.8001 0.9187 
BOS04-5B-2H-2 74 76 1.32 403 11236  1.02E-04 9806 1.48E-06 2.5335 3.2105 0.8309 1.1095 
BOS04-5B-2H-2 283 284 1.08 424 12026  1.04E-04 9639 1.51E-06 2.3545 4.1183 0.8832 1.1375 
BOS04-5B-2H-2 378 379 1.20 434 12731  1.05E-04 9479 1.53E-06 1.9811 4.8207 0.9109 1.0284 
BOS04-5B-2H-2 409 410 1.04 437 12959  1.07E-04 9323 1.56E-06 1.5070 5.0928 0.8595 0.9681 
BOS04-5B-2H-2 542 543 1.02 450 13295  1.09E-04 9173 1.58E-06 1.0525 4.8186 0.7127 1.1339 
BOS04-5B-2H-2 569 570 1.31 453 13319  1.11E-04 9027 1.61E-06 0.7311 4.0385 0.5181 1.3819 
BOS04-5B-2H-2 624 626 1.62 458 13367  1.13E-04 8886 1.63E-06 0.6215 2.9493 0.4373 1.4644 
BOS04-5B-2H-2 693 694 1.39 465 13556  1.14E-04 8750 1.66E-06 0.7449 1.8417 0.5854 1.2761 
BOS04-5B-2H-2 927 928 1.23 488 14212  1.16E-04 8617 1.68E-06 1.0545 0.9825 0.7831 0.8844 
 
 
BOS04-5B-2H-2 962 963 1.15 492 14272  1.18E-04 8488 1.71E-06 1.4473 0.5048 0.9002 0.4802 
BOS04-5B-2H-2 965 966 1.38 492 14277  1.20E-04 8364 1.74E-06 1.7960 0.3733 0.9132 0.3072 
BOS04-5B-2H-2 986 987 1.08 494 14314  1.21E-04 8242 1.76E-06 1.9868 0.4375 0.8658 0.3443 
BOS04-5B-2H-2 1189 1190 1.23 515 14575  1.23E-04 8125 1.79E-06 1.9528 0.5298 0.8305 0.3691 
BOS04-5B-2H-2 1198 1199 1.01 516 14585  1.25E-04 8010 1.81E-06 1.6955 0.5549 0.8314 0.3805 
BOS04-5B-2H-2 1211 1212 1.07 517 14600  1.27E-04 7899 1.84E-06 1.2872 0.5327 0.8074 0.3822 
BOS04-5B-2H-2 1215 1216 1.06 517 14604  1.28E-04 7791 1.86E-06 0.8520 0.5796 0.6916 0.4258 
BOS04-5B-2H-2 1245 1246 1.08 520 14636  1.30E-04 7685 1.89E-06 0.5271 0.8348 0.4986 0.6592 
BOS04-5B-2H-2 1316 1317 1.13 527 14656  1.32E-04 7583 1.91E-06 0.4191 1.3728 0.4152 1.0029 
BOS04-5B-2H-CC 19 22 2.54 536 14682  1.34E-04 7483 1.94E-06 0.5733 2.1493 0.6290 1.2761 
BOS04-5B-3H-1 478 479 1.58 615 17172  1.35E-04 7386 1.97E-06 0.9642 3.0070 0.9251 1.3819 
BOS04-5B-3H-1 504 505 1.01 618 17182  1.37E-04 7291 1.99E-06 1.5062 3.7327 1.1482 1.3501 
BOS04-5B-3H-1 532 533 1.39 621 17203  1.39E-04 7199 2.02E-06 2.0797 4.1345 1.2525 1.3186 
BOS04-5B-3H-1 598 599 1.03 627 17369  1.41E-04 7109 2.04E-06 2.5658 4.1093 1.2556 1.3988 
BOS04-5B-3H-1 615 616 1.39 629 17414  1.42E-04 7021 2.07E-06 2.8764 3.6756 1.2111 1.5244 
BOS04-5B-3H-1 617 618 1.10 629 17418  1.44E-04 6936 2.09E-06 2.9716 2.9608 1.1673 1.5490 
BOS04-5B-3H-1 619 621 2.08 629 17424  1.46E-04 6852 2.12E-06 2.8596 2.1474 1.1392 1.4017 
BOS04-5B-3H-1 621 623 1.62 630 17430  1.48E-04 6770 2.14E-06 2.5835 1.4054 1.1137 1.1156 
BOS04-5B-3H-1 642 643 1.03 632 17481  1.49E-04 6691 2.17E-06 2.2043 0.8431 1.0705 0.7844 
BOS04-5B-3H-1 679 680 1.19 635 17574  1.51E-04 6613 2.20E-06 1.7862 0.4920 0.9966 0.5032 
BOS04-5B-3H-1 681 682 1.09 635 17581  1.53E-04 6537 2.22E-06 1.3847 0.3225 0.8928 0.3303 
BOS04-5B-3H-1 751 752 1.02 642 17710  1.55E-04 6463 2.25E-06 1.0396 0.2762 0.7723 0.2750 
BOS04-5B-3H-1 752 753 1.32 643 17712  1.56E-04 6390 2.27E-06 0.7708 0.2963 0.6526 0.2945 
BOS04-5B-3H-1 755 756 1.09 643 17713  1.58E-04 6319 2.30E-06 0.5808 0.3424 0.5474 0.3366 
BOS04-5B-3H-1 805 807 1.65 648 17747  1.60E-04 6250 2.32E-06 0.4601 0.3891 0.4638 0.3716 
BOS04-5B-3H-1 834 835 1.13 651 17765  1.62E-04 6182 2.35E-06 0.3947 0.4207 0.4056 0.3899 
BOS04-5B-3H-1 1046 1048 2.75 672 17871  1.64E-04 6115 2.37E-06 0.3746 0.4316 0.3772 0.3990 
BOS04-5B-3H-1 1280 1288 7.33 695 17963  1.65E-04 6050 2.40E-06 0.3990 0.4350 0.3885 0.4088 
BOS04-5B-3H-1 1298 1465 167.73 704 18041  1.67E-04 5987 2.43E-06 0.4787 0.4706 0.4590 0.4354 
BOS04-5B-3H-1 1491 1492 1.50 715 18178  1.69E-04 5924 2.45E-06 0.6327 0.6045 0.6062 0.5590 
BOS04-5B-3H-2 47 48 1.35 720 18234  1.71E-04 5863 2.48E-06 0.8788 0.9123 0.8221 0.8638 
BOS04-5B-3H-2 72 73 1.09 723 18237  1.72E-04 5803 2.50E-06 1.2228 1.4443 1.0717 1.2883 
BOS04-5B-3H-2 88 172 84.78 728 18245  1.74E-04 5745 2.53E-06 1.6483 2.1857 1.3065 1.6837 
BOS04-5B-3H-2 276 280 3.24 743 18298  1.76E-04 5687 2.55E-06 2.1135 3.0344 1.4773 1.9002 
BOS04-5B-3H-2 395 397 1.31 756 18464  1.78E-04 5631 2.58E-06 2.5542 3.8148 1.5511 1.8689 
BOS04-5B-4H-1 205 206 1.16 894 21342  1.79E-04 5576 2.60E-06 2.8962 4.3282 1.5297 1.6987 
 
 
BOS04-5B-4H-1 268 269 1.12 899 21518  1.81E-04 5522 2.63E-06 3.0732 4.4209 1.4585 1.6855 
BOS04-5B-4H-1 277 278 1.11 900 21548  1.83E-04 5468 2.65E-06 3.0463 4.0469 1.4011 1.9357 
BOS04-5B-4H-1 377 378 1.12 910 21891  1.85E-04 5416 2.68E-06 2.8192 3.3032 1.3831 2.1476 
BOS04-5B-4H-1 381 383 1.53 911 21907  1.86E-04 5365 2.71E-06 2.4425 2.4154 1.3666 2.0399 
BOS04-5B-4H-1 384 385 1.37 911 21917  1.88E-04 5315 2.73E-06 2.0010 1.6692 1.2973 1.5933 
BOS04-5B-4H-1 391 393 2.18 912 21943  1.90E-04 5266 2.76E-06 1.5888 1.3091 1.1594 1.1756 
BOS04-5B-4H-1 397 399 1.91 912 21962  1.92E-04 5218 2.78E-06 1.2808 1.4523 0.9929 1.4078 
BOS04-5B-4H-1 426 427 1.12 915 22060  1.93E-04 5170 2.81E-06 1.1148 2.0523 0.8751 1.9368 
BOS04-5B-4H-1 454 455 1.06 918 22156  1.95E-04 5124 2.83E-06 1.0866 2.9200 0.8538 2.2217 
BOS04-5B-4H-1 500 501 1.04 922 22306  1.97E-04 5078 2.86E-06 1.1581 3.7883 0.8945 2.1590 
BOS04-5B-4H-1 528 529 1.06 925 22395  1.99E-04 5033 2.88E-06 1.2708 4.3986 0.9404 1.9386 
BOS04-5B-4H-1 643 644 1.08 937 22762  2.00E-04 4989 2.91E-06 1.3647 4.5814 0.9708 1.8801 
BOS04-5B-4H-1 1032 1033 1.04 976 23398  2.02E-04 4945 2.94E-06 1.3966 4.3030 0.9885 2.0541 
BOS04-5B-4H-1 1280 1282 1.08 1001 23469  2.04E-04 4903 2.96E-06 1.3531 3.6597 0.9917 2.2094 
BOS04-5B-4H-2 167 168 1.02 1040 25086  2.06E-04 4861 2.99E-06 1.2508 2.8271 0.9695 2.1463 
BOS04-5B-4H-2 244 246 1.10 1048 25186  2.07E-04 4820 3.01E-06 1.1263 1.9950 0.9183 1.8407 
BOS04-5B-4H-2 464 465 1.04 1071 25534  2.09E-04 4779 3.04E-06 1.0207 1.3120 0.8564 1.3880 
BOS04-5B-4H-2 521 522 1.08 1077 25636  2.11E-04 4739 3.06E-06 0.9674 0.8585 0.8212 0.9356 
BOS04-5B-4H-2 743 744 1.06 1100 26241  2.13E-04 4700 3.09E-06 0.9836 0.6461 0.8394 0.6474 
BOS04-5B-4H-2 748 750 1.04 1101 26251  2.15E-04 4662 3.11E-06 1.0679 0.6376 0.8977 0.6203 
BOS04-5B-4H-2 753 754 1.02 1101 26259  2.16E-04 4624 3.14E-06 1.2011 0.7728 0.9594 0.7328 
BOS04-5B-4H-2 869 870 1.37 1113 26479  2.18E-04 4586 3.17E-06 1.3513 0.9910 0.9987 0.8593 
BOS04-5B-4H-2 874 875 1.03 1114 26484  2.20E-04 4550 3.19E-06 1.4832 1.2435 1.0122 0.9692 
BOS04-5B-4H-2 891 892 1.31 1115 26506  2.22E-04 4514 3.22E-06 1.5653 1.4956 1.0118 1.0584 
BOS04-5B-4H-2 895 896 1.13 1115 26513  2.23E-04 4478 3.24E-06 1.5773 1.7239 1.0122 1.1246 
BOS04-5B-4H-2 1053 1054 1.06 1129 26887  2.25E-04 4443 3.27E-06 1.5131 1.9143 1.0170 1.1690 
BOS04-5B-4H-2 1066 1068 1.13 1130 26924  2.27E-04 4409 3.29E-06 1.3828 2.0643 1.0150 1.1999 
BOS04-5B-4H-2 1202 1203 1.30 1142 27296  2.29E-04 4375 3.32E-06 1.2109 2.1868 0.9883 1.2300 
BOS04-5B-4H-2 1247 1248 1.02 1145 27403  2.30E-04 4341 3.34E-06 1.0318 2.3102 0.9268 1.2746 
BOS04-5B-4H-2 1257 1258 1.04 1146 27434  2.32E-04 4308 3.37E-06 0.8840 2.4729 0.8435 1.3513 
BOS04-5B-4H-2 1289 1290 1.25 1149 27499  2.34E-04 4276 3.40E-06 0.8028 2.7133 0.7845 1.4737 
BOS04-5B-4H-2 1340 1341 1.19 1153 27628  2.36E-04 4244 3.42E-06 0.8137 3.0534 0.8110 1.6368 
BOS04-5C-4H-2 1570 1571 1.08 1176 28147  2.37E-04 4213 3.45E-06 0.9262 3.4835 0.9356 1.8090 
BOS04-5B-5H-1 379 380 1.09 1222 28637  2.39E-04 4182 3.47E-06 1.1301 3.9557 1.1053 1.9456 
BOS04-5B-5H-1 443 444 1.10 1228 28648  2.41E-04 4151 3.50E-06 1.3969 4.3975 1.2608 2.0154 
BOS04-5B-5H-1 461 462 1.54 1230 28652  2.43E-04 4121 3.52E-06 1.6876 4.7389 1.3710 2.0247 
 
 
BOS04-5B-5H-1 465 466 1.64 1231 28652  2.44E-04 4092 3.55E-06 1.9613 4.9341 1.4338 2.0123 
BOS04-5B-5H-1 478 479 1.18 1232 28655  2.46E-04 4062 3.57E-06 2.1829 4.9686 1.4656 2.0136 
BOS04-5B-5H-1 711 712 1.17 1255 28695  2.48E-04 4033 3.60E-06 2.3283 4.8567 1.4837 2.0290 
BOS04-5B-5H-1 731 732 1.21 1257 28699  2.50E-04 4005 3.63E-06 2.3875 4.6381 1.4934 2.0347 
BOS04-5B-5H-1 875 876 1.15 1272 28741  2.51E-04 3977 3.65E-06 2.3674 4.3686 1.4886 2.0126 
BOS04-5B-5H-1 949 950 1.06 1278 28762  2.53E-04 3949 3.68E-06 2.2879 4.1018 1.4618 1.9637 
BOS04-5B-5H-1 971 972 1.03 1280 28768  2.55E-04 3922 3.70E-06 2.1750 3.8677 1.4135 1.9029 
BOS04-5B-5H-1 1156 1157 1.06 1299 28811  2.57E-04 3895 3.73E-06 2.0526 3.6659 1.3546 1.8467 
BOS04-5B-5H-1 1231 1233 1.18 1306 28830  2.58E-04 3869 3.75E-06 1.9368 3.4756 1.3001 1.8024 
BOS04-5B-5H-1 1264 1265 1.06 1309 28839  2.60E-04 3843 3.78E-06 1.8362 3.2727 1.2602 1.7649 
BOS04-5B-5H-1 1276 1278 1.34 1311 28842  2.62E-04 3817 3.80E-06 1.7522 3.0416 1.2348 1.7234 
BOS04-5B-5H-2 508 509 1.18 1387 29692  2.64E-04 3791 3.83E-06 1.6808 2.7790 1.2170 1.6673 
BOS04-5B-5H-2 545 551 5.99 1391 29738  2.66E-04 3766 3.85E-06 1.6137 2.4932 1.1997 1.5901 
BOS04-5B-5H-2 555 558 2.78 1392 29749  2.67E-04 3742 3.88E-06 1.5421 2.2029 1.1779 1.4920 
BOS04-5B-5H-2 750 752 1.68 1411 29978  2.69E-04 3717 3.91E-06 1.4603 1.9340 1.1492 1.3802 
BOS04-5B-5H-2 761 763 1.19 1412 29991  2.71E-04 3693 3.93E-06 1.3685 1.7135 1.1122 1.2686 
BOS04-5B-5H-2 813 814 1.06 1418 30052  2.73E-04 3669 3.96E-06 1.2725 1.5639 1.0670 1.1744 
BOS04-5B-5H-2 895 896 1.45 1425 30111  2.74E-04 3646 3.98E-06 1.1811 1.4971 1.0153 1.1163 
BOS04-5B-5H-2 909 910 1.06 1426 30120  2.76E-04 3622 4.01E-06 1.1035 1.5127 0.9627 1.1067 
BOS04-5B-5H-2 1038 1039 1.58 1438 30196  2.78E-04 3600 4.03E-06 1.0482 1.5972 0.9189 1.1430 
BOS04-5B-5H-2 1064 1065 1.22 1441 30217  2.80E-04 3577 4.06E-06 1.0215 1.7276 0.8953 1.2060 
BOS04-5B-5H-2 1096 1097 0.98 1444 30256  2.81E-04 3555 4.08E-06 1.0264 1.8764 0.8990 1.2707 
BOS04-5B-5H-2 1118 1119 1.00 1445 30270  2.83E-04 3532 4.11E-06 1.0613 2.0172 0.9283 1.3183 
BOS04-5B-5H-2 1152 1153 1.12 1449 30312  2.85E-04 3511 4.14E-06 1.1200 2.1284 0.9729 1.3407 
BOS04-5B-5H-2 1159 1160 1.12 1449 30320  2.87E-04 3489 4.16E-06 1.1921 2.1960 1.0193 1.3408 
BOS04-5B-5H-2 1162 1164 1.18 1450 30324  2.88E-04 3468 4.19E-06 1.2650 2.2162 1.0561 1.3310 
BOS04-5B-5H-2 1205 1206 1.06 1454 30376  2.90E-04 3447 4.21E-06 1.3260 2.1971 1.0773 1.3276 
BOS04-5B-5H-2 1274 1276 2.09 1460 30448  2.92E-04 3426 4.24E-06 1.3644 2.1552 1.0831 1.3377 
BOS04-5B-5H-2 1373 1374 1.02 1469 30586  2.94E-04 3406 4.26E-06 1.3735 2.1059 1.0772 1.3536 
BOS04-5B-5H-2 1386 1388 1.90 1470 30608  2.95E-04 3385 4.29E-06 1.3515 2.0579 1.0640 1.3630 
BOS04-5B-5H-2 1402 1403 1.43 1472 30633  2.97E-04 3365 4.31E-06 1.3025 2.0152 1.0453 1.3638 
BOS04-5B-6H-1 22 23 1.32 1489 30921  2.99E-04 3345 4.34E-06 1.2364 1.9844 1.0216 1.3653 
BOS04-5B-6H-1 52 54 1.61 1492 30973  3.01E-04 3326 4.37E-06 1.1679 1.9761 0.9943 1.3782 
BOS04-5B-6H-1 131 133 1.78 1500 31108  3.02E-04 3307 4.39E-06 1.1128 1.9997 0.9692 1.4046 
BOS04-5B-6H-1 290 291 1.02 1517 31484  3.04E-04 3287 4.42E-06 1.0839 2.0605 0.9562 1.4378 
BOS04-5B-6H-1 412 413 1.01 1529 31662  3.06E-04 3269 4.44E-06 1.0891 2.1601 0.9668 1.4692 
 
 
BOS04-5B-6H-1 577 578 1.06 1546 31848  3.08E-04 3250 4.47E-06 1.1302 2.2939 1.0059 1.4953 
BOS04-5B-6H-1 622 623 1.12 1550 31891  3.09E-04 3231 4.49E-06 1.2038 2.4441 1.0672 1.5174 
BOS04-5B-6H-1 1074 1080 5.37 1596 32569  3.11E-04 3213 4.52E-06 1.3011 2.5781 1.1362 1.5364 
BOS04-5B-6H-1 1165 1166 1.04 1604 32791  3.13E-04 3195 4.54E-06 1.4098 2.6577 1.1978 1.5516 
BOS04-5B-6H-1 1173 1174 1.14 1605 32820  3.15E-04 3177 4.57E-06 1.5158 2.6556 1.2430 1.5636 
BOS04-5B-6H-1 1303 1384 80.56 1622 33416  3.16E-04 3160 4.60E-06 1.6075 2.5630 1.2707 1.5706 
BOS04-5B-6H-2 53 54 1.11 1643 33797  3.18E-04 3142 4.62E-06 1.6764 2.3884 1.2853 1.5623 
BOS04-5B-6H-2 114 120 5.87 1649 33977  3.20E-04 3125 4.65E-06 1.7179 2.1535 1.2914 1.5238 
BOS04-5B-6H-2 707 717 9.61 1709 35668  3.22E-04 3108 4.67E-06 1.7304 1.8899 1.2901 1.4497 
BOS04-5B-6H-2 925 931 5.74 1730 35989  3.24E-04 3091 4.70E-06 1.7152 1.6311 1.2796 1.3479 
BOS04-5B-6H-2 1331 1332 1.07 1772 36562  3.25E-04 3074 4.72E-06 1.6765 1.4020 1.2592 1.2324 
BOS04-5B-7H-1 233 234 1.16 1804 37173  3.27E-04 3058 4.75E-06 1.6205 1.2120 1.2300 1.1145 
BOS04-5B-7H-1 282 283 1.05 1809 37443  3.29E-04 3041 4.77E-06 1.5534 1.0580 1.1953 1.0021 
BOS04-5B-7H-1 429 430 1.17 1819 37981  3.31E-04 3025 4.80E-06 1.4802 0.9320 1.1586 0.9006 
BOS04-5B-7H-1 545 546 1.13 1827 38498  3.32E-04 3009 4.82E-06 1.4040 0.8272 1.1235 0.8124 
BOS04-5B-7H-1 595 596 1.23 1832 38810  3.34E-04 2993 4.85E-06 1.3274 0.7401 1.0917 0.7366 
BOS04-5B-7H-1 598 599 1.16 1833 38833  3.36E-04 2978 4.88E-06 1.2523 0.6704 1.0631 0.6728 
BOS04-5B-7H-1 854 855 1.02 1862 39783  3.38E-04 2962 4.90E-06 1.1806 0.6199 1.0357 0.6236 
BOS04-5B-7H-1 1157 1158 1.11 1892 41516  3.39E-04 2947 4.93E-06 1.1139 0.5896 1.0067 0.5932 
BOS04-5B-7H-1 1174 1176 1.10 1894 41687  3.41E-04 2932 4.95E-06 1.0549 0.5783 0.9744 0.5821 
BOS04-5B-7H-1 1350 1354 3.87 1910 42618  3.43E-04 2917 4.98E-06 1.0068 0.5821 0.9405 0.5859 
BOS04-5B-7H-1 1482 1484 1.72 1923 42997  3.45E-04 2902 5.00E-06 0.9726 0.5962 0.9103 0.5995 
BOS04-5B-7H-2 36 42 5.68 1928 43020  3.46E-04 2887 5.03E-06 0.9544 0.6171 0.8908 0.6199 
BOS04-5B-7H-2 139 144 5.11 1938 43062  3.48E-04 2872 5.05E-06 0.9519 0.6436 0.8865 0.6456 
BOS04-5B-7H-2 150 159 8.59 1940 43067  3.50E-04 2858 5.08E-06 0.9629 0.6762 0.8960 0.6752 
BOS04-5B-7H-2 198 199 1.17 1944 43216  3.52E-04 2844 5.11E-06 0.9830 0.7150 0.9127 0.7068 
BOS04-5B-7H-2 757 758 1.13 2000 44484  3.53E-04 2829 5.13E-06 1.0076 0.7585 0.9291 0.7386 
BOS04-5B-7H-2 954 987 32.97 2021 45053  3.55E-04 2815 5.16E-06 1.0324 0.8030 0.9403 0.7692 
BOS04-5B-7H-2 1006 1110 103.18 2030 45240  3.57E-04 2802 5.18E-06 1.0550 0.8455 0.9462 0.7982 
BOS04-5B-7H-2 1112 1150 38.19 2038 45417  3.59E-04 2788 5.21E-06 1.0755 0.8852 0.9505 0.8265 
BOS04-5B-7H-2 1223 1225 1.03 2049 45665  3.60E-04 2774 5.23E-06 1.0953 0.9240 0.9573 0.8569 
BOS04-5C-7H-2 -34 -32 2.23 2085 46041  3.62E-04 2761 5.26E-06 1.1164 0.9671 0.9683 0.8940 
BOS04-5C-7H-2 -8 -7 1.16 2087 46060  3.64E-04 2747 5.28E-06 1.1402 1.0210 0.9841 0.9413 
BOS04-5B-8H-1 6 60 54.57 2091 46090  3.66E-04 2734 5.31E-06 1.1671 1.0899 1.0048 0.9978 
BOS04-5B-8H-1 259 260 1.38 2114 46410  3.67E-04 2721 5.34E-06 1.1971 1.1716 1.0294 1.0558 
BOS04-5B-8H-1 291 325 33.83 2119 46498  3.69E-04 2708 5.36E-06 1.2287 1.2568 1.0558 1.1059 
 
 
BOS04-5B-8H-1 344 346 2.15 2123 46571  3.71E-04 2695 5.39E-06 1.2593 1.3336 1.0807 1.1441 
BOS04-5B-8H-1 721 722 1.04 2161 47273  3.73E-04 2683 5.41E-06 1.2860 1.3925 1.1015 1.1724 
BOS04-5B-8H-2 45 46 1.15 2244 48907  3.75E-04 2670 5.44E-06 1.3076 1.4280 1.1163 1.1924 
BOS04-5B-8H-2 49 51 1.49 2244 48916  3.76E-04 2658 5.46E-06 1.3242 1.4393 1.1244 1.2009 
BOS04-5C-8H-1 925 926 1.02 2332 51595  3.78E-04 2645 5.49E-06 1.3364 1.4305 1.1268 1.1946 
BOS04-5C-8H-1 936 937 1.04 2333 51647  3.80E-04 2633 5.51E-06 1.3441 1.4093 1.1247 1.1760 
BOS04-5C-8H-1 1044 1045 1.04 2344 52155  3.82E-04 2621 5.54E-06 1.3468 1.3835 1.1202 1.1528 
BOS04-5C-8H-1 1047 1048 1.08 2344 52170  3.83E-04 2609 5.57E-06 1.3441 1.3557 1.1165 1.1312 
BOS04-5C-8H-1 1068 1069 1.08 2346 52271  3.85E-04 2597 5.59E-06 1.3367 1.3230 1.1155 1.1108 
BOS04-5C-8H-1 1071 1072 1.31 2346 52284  3.87E-04 2585 5.62E-06 1.3255 1.2808 1.1159 1.0863 
BOS04-5C-8H-1 1073 1075 1.54 2347 52297  3.89E-04 2573 5.64E-06 1.3112 1.2266 1.1135 1.0536 
BOS04-5C-8H-1 1078 1079 1.15 2347 52316  3.90E-04 2562 5.67E-06 1.2954 1.1610 1.1053 1.0137 
BOS04-5C-8H-1 1111 1113 2.07 2350 52478  3.92E-04 2550 5.69E-06 1.2797 1.0874 1.0924 0.9707 
BOS04-5C-8H-1 1117 1118 1.15 2351 52502  3.94E-04 2539 5.72E-06 1.2658 1.0111 1.0785 0.9284 
BOS04-5B-9H-1 1006 1007 1.20 2488 55825  3.96E-04 2528 5.74E-06 1.2536 0.9390 1.0674 0.8885 
BOS04-5B-9H-1 1042 1043 1.04 2491 55866  3.97E-04 2516 5.77E-06 1.2418 0.8765 1.0600 0.8521 
BOS04-5B-9H-1 1071 1073 1.02 2494 55900  3.99E-04 2505 5.79E-06 1.2282 0.8262 1.0542 0.8190 
BOS04-5B-9H-1 1119 1121 1.83 2499 55955  4.01E-04 2494 5.82E-06 1.2108 0.7870 1.0469 0.7884 
BOS04-5B-9H-1 1134 1135 1.17 2500 55973  4.03E-04 2484 5.85E-06 1.1882 0.7567 1.0361 0.7599 
BOS04-5B-9H-1 1193 1263 69.97 2510 56133  4.04E-04 2473 5.87E-06 1.1601 0.7331 1.0209 0.7347 
BOS04-5B-9H-1 1323 1324 1.17 2519 56296  4.06E-04 2462 5.90E-06 1.1272 0.7147 1.0016 0.7139 
BOS04-5B-9H-1 1365 1367 1.41 2524 56368  4.08E-04 2451 5.92E-06 1.0912 0.7005 0.9793 0.6982 
BOS04-5B-9H-1 1379 1380 1.11 2525 56391  4.10E-04 2441 5.95E-06 1.0545 0.6897 0.9558 0.6872 
BOS04-5B-9H-1 1448 1449 1.04 2532 56508  4.11E-04 2430 5.97E-06 1.0202 0.6818 0.9334 0.6798 
BOS04-5B-9H-1 1487 1493 5.85 2536 56579  4.13E-04 2420 6.00E-06 0.9909 0.6767 0.9144 0.6746 
BOS04-5B-9H-2 13 15 2.11 2539 56627  4.15E-04 2410 6.02E-06 0.9689 0.6744 0.9007 0.6709 
BOS04-5B-9H-2 40 41 1.20 2541 56672  4.17E-04 2400 6.05E-06 0.9558 0.6757 0.8932 0.6693 
BOS04-5B-9H-2 213 214 1.37 2559 56966  4.18E-04 2390 6.08E-06 0.9524 0.6816 0.8923 0.6719 
BOS04-5B-9H-2 306 308 1.21 2568 57125  4.20E-04 2380 6.10E-06 0.9587 0.6932 0.8975 0.6813 
BOS04-5B-9H-2 457 459 1.75 2583 57382  4.22E-04 2370 6.13E-06 0.9735 0.7107 0.9081 0.6981 
BOS04-5B-9H-2 540 541 1.21 2591 57522  4.24E-04 2360 6.15E-06 0.9945 0.7329 0.9230 0.7200 
BOS04-5B-9H-2 542 543 1.19 2592 57525  4.26E-04 2350 6.18E-06 1.0185 0.7575 0.9397 0.7433 
BOS04-5B-9H-2 547 548 1.12 2592 57534  4.27E-04 2340 6.20E-06 1.0421 0.7812 0.9549 0.7645 
BOS04-5B-9H-2 548 550 1.12 2592 57536  4.29E-04 2331 6.23E-06 1.0627 0.8018 0.9661 0.7813 
BOS04-5B-9H-2 561 562 1.00 2594 57557  4.31E-04 2321 6.25E-06 1.0788 0.8180 0.9737 0.7933 
BOS04-5B-9H-2 604 605 1.18 2598 57630  4.33E-04 2312 6.28E-06 1.0913 0.8305 0.9806 0.8012 
 
 
BOS04-5B-9H-2 617 618 1.21 2599 57653  4.34E-04 2303 6.31E-06 1.1022 0.8415 0.9888 0.8071 
BOS04-5B-9H-2 621 622 1.58 2600 57659  4.36E-04 2293 6.33E-06 1.1141 0.8537 0.9970 0.8134 
BOS04-5B-9H-2 673 674 1.12 2605 57817  4.38E-04 2284 6.36E-06 1.1288 0.8699 1.0027 0.8226 
BOS04-5B-9H-2 688 695 7.73 2607 57874  4.40E-04 2275 6.38E-06 1.1471 0.8923 1.0062 0.8372 
BOS04-5B-9H-2 708 709 1.17 2608 57928  4.41E-04 2266 6.41E-06 1.1690 0.9214 1.0119 0.8592 
BOS04-5B-9H-2 717 719 1.45 2609 57956  4.43E-04 2257 6.43E-06 1.1931 0.9569 1.0243 0.8894 
BOS04-5B-9H-2 719 720 1.92 2609 57962  4.45E-04 2248 6.46E-06 1.2166 0.9970 1.0441 0.9260 
BOS04-5B-9H-2 762 764 2.20 2614 58098  4.47E-04 2239 6.48E-06 1.2369 1.0391 1.0661 0.9645 
BOS04-5B-9H-2 770 773 3.40 2615 58125  4.48E-04 2230 6.51E-06 1.2519 1.0809 1.0832 0.9988 
BOS04-5B-9H-2 776 897 120.97 2621 58330  4.50E-04 2222 6.54E-06 1.2614 1.1201 1.0909 1.0249 
BOS04-5B-9H-2 905 907 1.75 2628 58549  4.52E-04 2213 6.56E-06 1.2662 1.1560 1.0905 1.0423 
BOS04-5B-9H-2 924 963 38.61 2632 58667  4.54E-04 2204 6.59E-06 1.2674 1.1891 1.0881 1.0543 
BOS04-5B-9H-2 974 982 8.15 2635 58774  4.55E-04 2196 6.61E-06 1.2665 1.2215 1.0890 1.0666 
BOS04-5B-9H-2 985 1074 88.27 2640 58937  4.57E-04 2187 6.64E-06 1.2642 1.2559 1.0937 1.0843 
BOS04-5B-9H-2 1096 1110 13.89 2648 59168  4.59E-04 2179 6.66E-06 1.2611 1.2942 1.0982 1.1093 
BOS04-5B-9H-2 1176 1178 1.41 2655 59402  4.61E-04 2171 6.69E-06 1.2568 1.3358 1.0975 1.1394 
BOS04-5B-9H-2 1247 1253 5.33 2662 59631  4.62E-04 2162 6.71E-06 1.2502 1.3763 1.0896 1.1695 
BOS04-5B-9H-CC 6 7 1.05 2681 60202  4.64E-04 2154 6.74E-06 1.2396 1.4080 1.0763 1.1942 
BOS04-5B-10H-1 280 281 1.09 2721 61095  4.66E-04 2146 6.76E-06 1.2234 1.4237 1.0612 1.2095 
BOS04-5B-10H-1 390 465 75.75 2735 61276  4.68E-04 2138 6.79E-06 1.2012 1.4191 1.0468 1.2126 
BOS04-5B-10H-1 967 968 1.02 2789 61991  4.69E-04 2130 6.82E-06 1.1738 1.3954 1.0329 1.2012 
BOS04-5B-10H-1 1094 1136 41.56 2804 62196  4.71E-04 2122 6.84E-06 1.1434 1.3584 1.0172 1.1763 
BOS04-5B-10H-1 1262 1264 1.94 2818 62432  4.73E-04 2114 6.87E-06 1.1128 1.3175 0.9984 1.1452 
BOS04-5B-10H-1 1266 1285 18.64 2820 62452  4.75E-04 2106 6.89E-06 1.0850 1.2824 0.9775 1.1218 
BOS04-5B-10H-1 1409 1412 3.31 2833 62667  4.77E-04 2099 6.92E-06 1.0627 1.2582 0.9583 1.1174 
BOS04-5B-10H-2 187 189 2.16 2861 63108  4.78E-04 2091 6.94E-06 1.0478 1.2425 0.9451 1.1291 
BOS04-5B-10H-2 191 193 1.28 2861 63115  4.80E-04 2083 6.97E-06 1.0411 1.2262 0.9401 1.1415 
BOS04-5B-10H-2 412 413 1.25 2884 63472  4.82E-04 2076 6.99E-06 1.0418 1.1987 0.9421 1.1385 
BOS04-5B-10H-2 505 507 1.75 2893 63615  4.84E-04 2068 7.02E-06 1.0482 1.1537 0.9472 1.1132 
BOS04-5B-10H-2 678 680 1.56 2910 63900  4.85E-04 2061 7.05E-06 1.0577 1.0918 0.9519 1.0669 
BOS04-5B-10H-2 687 688 1.25 2911 63914  4.87E-04 2053 7.07E-06 1.0677 1.0199 0.9549 1.0065 
BOS04-5B-10H-2 954 956 1.75 2938 64374  4.89E-04 2046 7.10E-06 1.0759 0.9493 0.9577 0.9415 
BOS04-5B-11H-1 35 36 1.05 3001 65425  4.91E-04 2038 7.12E-06 1.0811 0.8919 0.9620 0.8821 
BOS04-5B-11H-1 38 39 1.39 3001 65428  4.92E-04 2031 7.15E-06 1.0827 0.8553 0.9683 0.8377 
BOS04-5B-11H-1 222 223 1.19 3020 65702  4.94E-04 2024 7.17E-06 1.0810 0.8388 0.9746 0.8127 
BOS04-5B-11H-1 699 700 1.39 3065 66380  4.96E-04 2017 7.20E-06 1.0771 0.8351 0.9783 0.8048 
 
 
BOS04-5B-11H-1 793 795 1.40 3074 66506  4.98E-04 2010 7.22E-06 1.0726 0.8357 0.9775 0.8075 
BOS04-5B-11H-1 795 796 1.02 3074 66508  4.99E-04 2003 7.25E-06 1.0692 0.8358 0.9720 0.8139 
BOS04-5B-11H-1 801 806 5.31 3075 66521  5.01E-04 1996 7.28E-06 1.0680 0.8355 0.9642 0.8184 
BOS04-5B-11H-1 843 844 1.27 3079 66580  5.03E-04 1989 7.30E-06 1.0696 0.8391 0.9573 0.8198 
BOS04-5B-11H-1 859 865 5.64 3081 66607  5.05E-04 1982 7.33E-06 1.0737 0.8520 0.9541 0.8236 
BOS04-5B-11H-1 1003 1005 1.97 3095 66819  5.06E-04 1975 7.35E-06 1.0793 0.8767 0.9548 0.8372 
BOS04-5B-11H-1 1028 1029 1.00 3097 66853  5.08E-04 1968 7.38E-06 1.0851 0.9095 0.9581 0.8614 
BOS04-5B-11H-1 1033 1058 24.71 3098 66866  5.10E-04 1961 7.40E-06 1.0900 0.9408 0.9622 0.8886 
BOS04-5B-11H-1 1094 1122 28.89 3104 66954  5.12E-04 1954 7.43E-06 1.0932 0.9602 0.9661 0.9083 
BOS04-5B-11H-1 1125 1126 1.87 3106 66978  5.13E-04 1948 7.45E-06 1.0943 0.9624 0.9698 0.9154 
BOS04-5B-11H-1 1148 1149 1.18 3108 67010  5.15E-04 1941 7.48E-06 1.0933 0.9498 0.9730 0.9111 
BOS04-5B-11H-1 1154 1220 65.68 3112 67064  5.17E-04 1934 7.51E-06 1.0912 0.9314 0.9747 0.9021 
BOS04-5B-11H-1 1234 1236 1.68 3117 67131  5.19E-04 1928 7.53E-06 1.0889 0.9203 0.9745 0.8991 
BOS04-5B-11H-1 1267 1271 3.68 3120 67177  5.20E-04 1921 7.56E-06 1.0877 0.9277 0.9738 0.9120 
BOS04-5B-11H-1 1306 1307 1.31 3124 67229  5.22E-04 1915 7.58E-06 1.0881 0.9572 0.9743 0.9430 
BOS04-5B-11H-1 1416 1420 3.89 3135 67385  5.24E-04 1908 7.61E-06 1.0906 1.0022 0.9762 0.9829 
BOS04-5B-11H-1 1492 1494 1.06 3143 67489  5.26E-04 1902 7.63E-06 1.0947 1.0489 0.9785 1.0181 
BOS04-5B-11H-2 16 18 1.37 3145 67515  5.27E-04 1896 7.66E-06 1.1000 1.0834 0.9800 1.0387 
BOS04-5B-11H-2 28 29 1.03 3146 67531  5.29E-04 1889 7.68E-06 1.1058 1.0974 0.9808 1.0424 
BOS04-5B-11H-2 32 37 5.06 3146 67539  5.31E-04 1883 7.71E-06 1.1111 1.0909 0.9824 1.0338 
BOS04-5B-11H-2 74 75 1.41 3150 67596  5.33E-04 1877 7.74E-06 1.1155 1.0723 0.9867 1.0214 
BOS04-5B-11H-2 105 107 1.66 3154 67639  5.35E-04 1871 7.76E-06 1.1184 1.0546 0.9942 1.0140 
BOS04-5B-11H-2 140 142 1.99 3157 67688  5.36E-04 1865 7.79E-06 1.1197 1.0495 1.0026 1.0172 
BOS04-5B-11H-2 196 197 1.13 3163 67765  5.38E-04 1859 7.81E-06 1.1193 1.0619 1.0083 1.0310 
BOS04-5B-11H-2 197 206 8.33 3163 67772  5.40E-04 1853 7.84E-06 1.1172 1.0877 1.0094 1.0506 
BOS04-5B-11H-2 222 225 2.56 3165 67803  5.42E-04 1846 7.86E-06 1.1131 1.1167 1.0068 1.0694 
BOS04-5B-11H-2 755 758 3.68 3219 69167  5.43E-04 1841 7.89E-06 1.1073 1.1376 1.0033 1.0823 
BOS04-5B-11H-2 843 845 1.81 3227 69577  5.45E-04 1835 7.91E-06 1.0997 1.1423 1.0006 1.0863 
BOS04-5B-11H-2 1057 1059 1.63 3248 70555  5.47E-04 1829 7.94E-06 1.0909 1.1287 0.9983 1.0797 
BOS04-5B-11H-2 1087 1088 1.19 3251 70694  … … … … … … … 
BOS04-5B-11H-2 1128 1129 1.05 3255 70890  0.00250386 399 3.64E-05 0.9794 1.0020 0.9154 0.9910 
BOS04-5B-11H-2 1183 1185 1.69 3260 71154 
 
0.00250561
8 399 3.64E-05 0.9864 1.0031 0.9210 0.9893 
BOS04-5B-11H-2 1209 1211 1.87 3263 71276 
 
0.00250737
6 399 3.64E-05 0.9944 1.0076 0.9247 0.9874 
 
 
 
Supplemental Table 3.2 Compositions of N and TOC, and δ13C 
RMCD (cm) Age N % TOC % C/N δ13C 
5 43 0.68 8.11 11.97 -32.94 
37 426 0.49 7.25 14.82 -34.78 
69 709 0.69 10.49 15.13 -33.06 
88 917 0.39 5.12 13.23 -38.11 
123 1349 0.58 10.06 17.48 -31.35 
155 1760 0.36 6.35 17.45 -27.15 
187 2062 0.75 10.93 14.59 -27.50 
193 2200 1.26 18.68 14.84 -31.55 
225 3737 1.32 17.73 13.48 -28.05 
257 5440 1.19 18.49 15.51 -29.38 
289 6948 0.72 13.74 18.99 -27.95 
321 7853 0.67 15.45 23.13 -30.44 
327 8017 0.83 20.06 24.04 -30.57 
359 9165 0.52 12.66 24.16 -32.24 
391 10787 0.50 9.67 19.43 -19.99 
423 11951 0.47 9.87 20.93 -11.20 
455 13339 0.27 4.62 17.16 -15.70 
469 13690 0.34 7.83 22.94 -11.25 
501 14422 0.29 5.42 18.67 -18.39 
533 14672 0.44 9.55 21.76 -20.22 
565 15652 0.32 7.92 25.00 -24.79 
597 17101 0.30 9.19 30.78 -30.92 
611 17157 0.27 5.50 20.02 -33.24 
643 17714 0.46 7.73 16.86 -28.61 
675 17882 0.44 8.18 18.79 -15.50 
707 18073 0.32 6.55 20.60 -13.60 
739 18258 0.45 9.49 20.96 -9.15 
743 18297 0.41 9.72 23.80 -20.99 
776 18716 0.28 6.46 22.85 -27.42 
808 19417 0.36 7.97 22.13 -24.21 
840 20079 0.42 8.21 19.47 -14.98 
872 20583 0.25 5.09 20.42 -15.67 
885 21046 0.38 7.23 18.78 -21.70 
925 22388 0.46 8.85 19.40 -24.37 
949 23034 0.30 6.05 20.21 -29.34 
981 23443 0.34 6.59 19.57 -22.58 
1050 25209 0.34 6.79 20.15 -18.50 
1082 25746 0.23 3.87 16.78 -18.72 
1114 26491 0.34 9.58 28.26 -20.22 
1127 26822 0.36 10.13 28.46 -22.80 
1159 27814 0.34 7.45 21.91 -23.27 
1191 28392 0.42 10.31 24.55 -23.45 
1223 28639 0.42 15.14 36.07 -26.61 
1255 28695 0.42 22.17 52.80 -27.85 
1276 28755 0.42 17.42 41.49 -28.86 
1308 28835 0.37 11.44 30.91 -24.65 
 
 
1340 28880 0.37 16.53 44.65 -27.48 
1372 29365 0.37 11.31 30.55 -27.44 
1396 29796 0.37 15.25 41.20 -25.69 
1425 30112 0.37 7.97 21.52 -13.43 
1457 30414 0.29 7.15 24.96 -21.73 
1489 30919 0.32 9.95 30.71 -20.70 
1521 31564 0.26 4.98 19.06 -24.11 
1526 31624 0.47 15.08 32.07 -26.43 
1534 31720 0.47 25.36 53.94 -28.53 
1558 31967 0.47 17.85 37.96 -26.46 
1590 32503 0.40 16.00 40.34 -21.42 
1622 33412 0.34 7.31 21.59 -24.62 
1654 34118 0.34 11.16 32.97 -25.97 
1659 34261 0.29 4.90 17.19 -24.40 
1691 35318 0.27 9.80 36.48 -25.71 
1723 35822 0.25 10.64 42.21 -20.62 
1755 36277 0.24 5.25 22.28 -17.41 
1760 36296 0.22 2.73 12.48 -12.19 
1792 36874 0.21 2.62 12.64 -10.95 
1824 38295 0.20 2.70 13.50 -10.28 
1837 39109 0.22 2.78 12.44 -17.44 
1869 39982 0.25 4.79 18.99 -18.39 
1901 42290 0.28 5.68 20.19 -11.71 
1933 43040 0.26 3.64 14.24 -20.13 
1965 43846 0.36 5.30 14.56 -7.72 
1986 44135 0.33 5.72 17.59 -17.97 
2018 44972 0.39 6.83 17.69 -23.49 
2050 45700 0.20 3.74 18.93 -27.07 
2082 46020 0.38 12.00 31.38 -27.91 
2087 46057 0.57 12.39 21.83 -31.53 
2119 46501 0.47 12.57 26.51 -30.31 
2150 47068 0.70 12.06 17.25 -33.56 
2183 47672 0.46 8.70 18.83 -34.90 
2215 48300 0.60 6.03 10.01 -20.80 
2228 48574 0.36 3.52 9.87 -25.19 
2260 49250 0.27 5.05 18.71 -24.59 
2292 49926 0.23 3.62 15.80 -30.01 
2324 51229 0.33 4.30 13.20 -22.58 
2329 51465 0.24 3.04 12.79 -25.84 
2361 52976 0.28 4.99 17.52 -28.40 
2393 54488 0.24 3.06 12.78 -12.28 
2425 55106 0.38 5.85 15.40 -29.00 
2457 55473 0.64 6.27 9.73 -29.74 
2470 55622 0.55 5.71 10.43 -32.06 
2502 56001 0.52 5.35 10.20 -28.94 
2534 56545 0.53 3.15 5.97 -27.12 
2566 57089 0.75 0.41 0.55 -22.51 
2571 57174 0.22 0.45 2.07 -24.37 
2603 57762 0.22 0.39 1.73 -26.00 
2635 58769 0.23 0.46 2.04 -32.02 
 
 
2667 59776 0.21 2.49 11.64 -29.99 
2699 60783 0.48 4.62 9.59 -33.97 
2712 60973 0.49 4.10 8.38 -30.71 
2744 61397 0.42 4.44 10.57 -31.54 
2776 61821 0.39 6.07 15.56 -30.12 
2808 62266 0.23 3.71 16.12 -16.82 
2821 62474 0.16 2.43 14.73 -12.98 
2853 62984 0.23 4.11 18.14 -14.06 
2885 63494 0.16 2.63 16.17 -14.82 
2917 64018 0.18 3.03 16.77 -21.80 
2949 64555 0.16 2.25 13.68 -29.21 
2970 64907 0.18 3.23 18.25 -23.71 
3002 65440 0.09 1.07 11.50 -18.04 
3034 65915 0.12 1.42 11.75 -12.80 
3066 66390 0.11 1.14 10.00 -11.56 
3071 66465 0.12 1.60 13.01 -13.35 
3103 66937 0.13 1.14 9.03 -16.46 
3135 67382 0.12 1.19 9.85 -18.79 
3167 67827 0.16 2.05 13.19 -14.73 
3199 68272 0.16 2.44 15.19 -14.11 
3212 68856 0.17 2.55 15.21 -15.13 
3276 71899 0.14 1.89 13.21 -11.91 
3300 73041 0.42 1.97 4.73 -16.51 
3401 77512 0.55 1.94 3.57 -16.40 
3433 77765 0.50 3.05 6.11 -16.87 
3566 79590 0.52 3.06 5.95 -16.73 
3579 79845 0.43 2.29 5.29 -13.64 
3592 80100 0.49 2.25 4.58 -13.55 
3624 81203 0.49 5.30 10.88 -14.22 
3669 82977 0.48 5.39 11.32 -14.27 
3701 84210 0.48 2.46 5.11 -13.93 
3778 85029 0.55 2.45 4.49 -13.09 
3810 85290 0.55 3.51 6.35 -14.46 
3919 85798 0.56 3.45 6.19 -15.05 
3951 86249 0.54 3.57 6.62 -14.23 
4092 88004 0.55 3.47 6.35 -14.19 
4121 88194 0.51 2.31 4.54 -14.80 
4150 88328 0.51 2.26 4.41 -14.72 
4182 88476 0.52 2.76 5.32 -12.56 
4243 89598 0.57 2.72 4.80 -13.44 
4275 90371 0.49 2.93 6.04 -13.51 
4368 92166 0.47 2.86 6.15 -13.41 
4400 92727 0.51 2.55 4.97 -11.94 
4405 92794 0.52 2.49 4.82 -13.63 
4437 93223 0.57 3.05 5.35 -14.84 
4469 93653 0.56 1.92 3.46 -15.44 
4501 94073 0.55 2.28 4.17 -16.18 
4533 94232 0.52 2.66 5.13 -14.84 
4554 94336 0.56 2.90 5.14 -12.02 
4586 94495 0.54 2.38 4.38 -15.90 
 
 
4618 94698 0.52 3.53 6.75 -15.95 
4650 94937 0.53 4.40 8.25 -22.76 
4682 95175 0.52 2.31 4.44 -17.35 
4711 95698 0.56 7.62 13.65 -20.33 
4743 96830 0.61 3.38 5.51 -17.46 
4775 97962 0.56 5.02 8.93 -11.31 
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